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Function of Xenopus melanotrope cells 
 
The South African clawed toad, Xenopus laevis, has the ability to change the 
intensity of its skin colour according to changes in ambient light intensity (Bagnara 
and Hadley, 1973; Waring, 1963). The eyes perceive the light intensity of the 
environment and this information is processed by several brain centers, namely the 
suprachiasmatic nucleus (SC), magnocellular nucleus (Mg), raphe nucleus (RN) 
and locus coeruleus (LC). The nerve terminals from these centers directly or 
indirectly contact the neuroendocrine melanotrope cells in the pars intermedia of 
the pituitary gland (de Rijk et al., 1990a, 1992; Olivereau et al., 1987; Tuinhof et al., 
1994; Ubink et al., 1998, 1999). They release various neurochemical messengers, 
which regulate the cellular activity of melanotropes (Jenks et al., 1991; Roubos, 
1997; Roubos et al., 2005; Ubink et al., 1998, 1999; van Strien et al., 1996; 
Verburg-van Kemenade et al., 1986a,b, 1987a,b,c; Zoeller and Conway, 1989). 
The pars intermedia of the pituitary gland contains about 70,000 melanotrope 
cells (de Rijk et al., 1990b). The main function of melanotrope cells is to release α-
melanophore-stimulating hormone (αMSH). This hormone stimulates the 
dispersion of melanin-containing pigment granules in dermal melanophores, 
causing a darkening of the skin (Bagnara and Hadley, 1973; Jenks et al., 1993a; 
Vaudry and Eberle, 1993). When Xenopus is moved from a white to a black 
background, melanotrope cells become active, biosynthesis and processing of the 
precursor protein pro-opiomelanocortin (POMC) increases and secretion of αMSH 
is stimulated (de Rijk et al., 1990b; Dotman et al., 1998; Loh et al., 1985; 
Maruthainar et al., 1992). On the other hand, when the background lighting 
changes from black to white, melanotropes become inactive, αMSH release is 
inhibited and skin colour pales (Jenks and Verburg-van Kemenade, 1988; Jenks et 
al., 1993a; Roubos et al., 1993; Roubos, 1997; Vaudry et al., 1998; Wilson and 
Morgan, 1979). Lowering ambient temperature also influences αMSH secretion 
and, as a result, skin darkening occurs, which is independent from the illumination 
state of the background (Tonosaki et al., 2001, 2004).  
 
 
Regulation of Xenopus melanotrope cells 
 
Regulation by first messengers 
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The activity of melanotrope cells is regulated by different neural stimulatory 
and inhibitory inputs ( ‘ f irst messengers’; Fig. 1). Synapses from the 
suprachiasmatic melanotrope-inhibiting neurons (SMIN) in the ventrolateral area of 
the SC contact the melanotrope cells, to release three coexisting transmitters, 
namely dopamine (DA), γ-aminobutyric acid (GABA) and neuropeptide Y (NPY; de 
Rijk et al., 1990a, 1992; Tuinhof et al., 1994; Ubink et al., 1998). In these 
synapses, GABA is found in electron-lucent vesicles, whereas DA and NPY are 
located together in dense-core vesicles (de Rijk et al., 1992). Although all three 
neurotransmitters inhibit melanotrope cell activity, their inhibitions differ in 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Regulation of Xenopus melanotrope cells by multiple first messengers. 
ACh: acetylcholine; αMSH: α-melanophore-stimulating hormone; BDNF: brain-
derived neurotrophic factor; CRH: corticotropin-releasing hormone; DA: dopamine; 
GABA: γ-aminobutyric acid; Mes: mesotocin; NPY: neuropeptide Y; NA: noradrenalin; 
5-HT: serotonin; TRH: thyrotropin-releasing hormone; Ucn: urocortin; Vas: vasotocin; 
β: β-adrenergic receptor; CaR: Ca
2+
 sensing receptor; D2: dopamine D2 receptor; Ga: 
GABAA receptor; Gb: GABAB receptor; M1: muscarinic type 1 receptor; Y1: NPY Y1 
receptor; V, M, TrkB, CRH1, CRH2 and TRH3: receptors for vasotocin, mesotocin, 
BDNF, CRH and TRH, respectively.  
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strength and duration, with GABA acting on the short-term and NPY exerting the 
most long-term effect (Dotman et al., 1996; Leenders et al., 1993; Scheenen et al., 
1994a; Shibuya and Douglas, 1993a; Verburg-van Kemenade et al., 1986a,b,c). 
The stimulatory factors, corticotropin-releasing hormone (CRH), thyrotropin-
releasing hormone (TRH), brain-derived neurotrophic factor (BDNF), urocortin 1, 
mesotocin and vasotocin are produced in the Mg and released from neurohemal 
axon terminals in the pituitary neural lobe, from which they are thought to diffuse to 
melanotrope cells (Bidaud et al., 2004; Calle et al., 2005a,b; Dotman et al., 1997; 
Galas et al., 2005; Jenks et al., 1991, 1993a; Roubos et al., 2005; Verburg-van 
Kemenade et al., 1987b,c; Wang et al., 2005). CRH and TRH stimulate αMSH 
secretion and POMC biosynthesis (de Koning et al., 1992, 1993; Dotman et al., 
1997; Leenders et al., 1995; Verburg-van Kemenade et al., 1987b,c). Urocortin 1, 
mesotocin and vasotocin are all able to stimulate the release of αMSH (Calle et al., 
2005a,b; Roubos et al., 2005). If melanotropes are inhibited, for instance by NPY, 
BDNF is able to stimulate POMC expression (Kramer et al., 2002).  
Besides first messengers arriving from the Mg, neurons in the raphe nucleus 
and locus coeruleus control, probably in a synaptic way, melanotrope cell activity. 
These neurons release serotonin (5-HT) and noradrenalin (NA), respectively 
(González and Smeets, 1993; Tuinhof et al., 1994; Ubink et al., 1998, 1999), and 
both stimulate αMSH release (Ubink et al., 1999). The release of αMSH is also 
stimulated by factors produced by the melanotrope cells themselves. These auto-
excitatory factors are acetylcholine (ACh), BDNF (Kramer et al., 2002; van Strien et 
al., 1996; Wang et al., 2004) and also Ca
2+
 ions that act as extracellular first 
messengers to stimulate melanotrope cell secretion (van den Hurk et al., 2003, 
2005). It has also been suggested that low temperature activates melanotropes by 
inhibiting NPY-containing neurons in the SC and activating TRH-containing 
neurons in the Mg (Tonosaki et al., 2005). 
 
 
Receptors and second messenger  
 
A wide variety of receptors are involved in transmembrane signaling in 
Xenopus melanotrope cells (Fig. 1). The inhibitory neurotransmitter DA acts on 
melanotropes via a D2-like receptor (Martens et al., 1991; Scheenen et al., 1994a; 
Verburg-van Kemenade et al., 1986c), NPY activates Y1 receptors (Blomqvist et 
al., 1995; Scheenen et al., 1995) and GABA acts via both GABAA and GABAB 
receptors (de Koning et al., 1993; Verburg-van Kemenade et al., 1986a). The 
General Introduction 
 
11 
stimulatory neuropeptides CRH and urocortin 1 act via a CRH1 receptor (Corstens, 
2005), TRH via a TRH3 receptor (Bidaud et al., 2004; Galas et al., 2005), NA via a 
β-adrenergic receptor (Roubos et al., 2002), ACh via a muscarinic type 1 receptor 
(van Strien et al., 1996) and Ca
2+
 ions via the Ca
2+
-sensing receptor (van den Hurk 
et al., 2003, 2005). 
In the Xenopus melanotrope, the adenylyl cyclase-cAMP system and the 
intracellular Ca
2+
 concentration ([Ca
2+
]i) are the two most important second-
messenger systems (Jenks et al., 2003). The D2 receptor, Y1 receptor and GABAb 
receptor inhibit adenylyl cyclase activity and hence cAMP production, whereas 
CRH, 5-HT and NA stimulate adenylyl cyclase activity and cAMP production (Jenks 
et al., 1991, 1993a,b; Roubos, 1997; Verburg-van Kemenade et al., 1987b). All first 
messengers eventually have effects on [Ca
2+
]i, which in the Xenopus melanotrope 
cell displays spontaneous fluctuations, the so-called Ca
2+
 oscillations (Jenks et al., 
2003; Kongsamut et al., 1993; Lieste et al., 1996; Scheenen et al., 1993, 
1994a,b,c, 1995, 1996; van Strien et al., 1996). 
 
 
Ca
2+
 oscillations 
 
The majority (about 75%) of Xenopus melanotrope cells display spontaneous 
Ca
2+
 oscillations (Jenks et al., 2003), which are initiated by Ca
2+
 influxes through 
high voltage-activated (HVA) N-type Ca
2+
 channels (Scheenen et al., 1994b,c). 
These channels activate during spontaneous action potentials (Lieste et al., 1998). 
Upon activation, Ca
2+
 influx increases the [Ca
2+
]i. In Xenopus melanotrope cells 
action potentials occur in bursts, leading to a discrete, stepwise build-up of [Ca
2+
]i, 
referred to as ‘Ca
2+
 steps’. These Ca
2+
 steps are observed during the rising phase 
of an oscillation (Koopman et al., 1997; Lieste et al., 1998; Scheenen et al., 1996). 
Each Ca
2+
 step is the result of the generation of an action potential and is initiated 
at the plasma membrane (Lieste et al., 1998; Scheenen et al., 1996). Confocal 
laser scanning microscopy (CLSM) has shown that during each Ca
2+
 step, Ca
2+
 
travels through the cell as a wave from the plasma membrane into the nucleus 
(Koopman et al., 1997; Scheenen et al., 1996). This Ca
2+
 wave is most likely 
propagated by a Ca
2+
-induced-Ca
2+
 release (CICR) mechanism, involving inositol 
triphosphate (IP3)-sensitive intracellular Ca
2+
 stores (Scheenen et al., 1996). 
The fact that secreto-inhibitors like DA, NPY and GABA eliminate Ca
2+
 
oscillations whereas secreto-stimulators such as TRH, CRH, 5-HT, NA and ACh 
increase either the amplitude and/or the frequency of the Ca
2+
 oscillations, 
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provides strong evidence that the Ca
2+
 oscillations are the driving force for αMSH 
secretion (for reviews, see Jenks et al., 2003; Roubos, 1997; Roubos et al., 2005). 
Moreover, cells displaying Ca
2+
 oscillations have a higher level of POMC gene 
expression than cells that lack oscillations (Dotman, 1998), which implies that the 
oscillations regulate both αMSH secretion and POMC gene expression. Combining 
these data, it seems that stimulatory and inhibitory regulators perform their specific 
actions on melanotrope cells through reshaping distinct components of the Ca
2+
 
oscillations. Regulators with opposite effects, such as DA and TRH, aim at the 
same target via different signaling pathways, leading to signal integration and 
resulting into cellular output. Therefore, to better understand the signal integrating 
properties of the melanotrope cell, studies of these interactions are of high interest. 
In this thesis research, the interaction between the inhibitor DA and the stimulators 
TRH and CRH has been investigated.  
 
 
Electrical membrane properties of Xenopus melanotrope cells 
 
The spontaneous electrical bursting activity of Xenopus melanotrope cells 
reveals different patterns, ranging from 2 to 10 or even more action potentials per 
burst, but the frequency of the potentials within a burst is remarkably constant at 1 
Hz (Cornelisse et al., 2002; Lieste et al., 1998; Scheenen et al., 1994b; Valentijn 
and Valentijn, 1997). Electrophysiological studies show that voltage-activated K
+
, 
Na
+
 and Ca
2+
 channels are present in Xenopus melanotropes (Cornelisse, 2004; 
Cornelisse et al., 2002; Scheenen et al., 1994b,c; Valentijn and Valentijn, 1997). 
The voltage-activated K
+
 channels generate and maintain a resting membrane 
potential around –40 mV (Cornelisse, 2004). Approximately 50% of the voltage-
activated K
+
 current (Ik) is Ca
2+
-sensitive. The Ca
2+
-insensitive voltage-activated Ik 
contains a fast (Ikf) and slow (Iks) component. The Ikf is high-voltage activated and 
low-voltage inactivated, whereas the Iks is low-voltage activated and high-voltage 
inactivated, yielding a stationary current around the resting membrane potential 
(Cornelisse, 2004). Two types of Na
+
 channel exist on the melanotrope cell, 
namely TTX-sensitive and TTX-insensitive Na
+
 channels (Cornelisse, 2004; 
Valentijn and Valentijn, 1997). The INa is not self-sufficient for action potential firing 
but it supports excitation through Ca
2+
 channels. Activation of Ca
2+
 channels in 
Xenopus melanotropes is required for the generation of action potentials and the 
maintenance of their normal shape, and the consequent build-up of internal Ca
2+
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signals in the form of Ca
2+
 oscillations (Cornelisse, 2004; Lieste et al., 1998; 
Scheenen et al., 1994c).  
Previous research in our laboratory showed that the total ICa in melanotropes 
from black-adapted Xenopus, is stronger than in white-adapted ones (Scheenen et 
al., 2002). Xenopus melanotropes of black-adapted animals possess several types 
of HVA Ca
2+
 channel, including N- and L-types. The N-type Ca
2+
 channel is 
essential for Ca
2+
 oscillations and αMSH secretion (Scheenen et al., 1994b,c). 
Studies on the function of HVA Ca
2+
 channels in Xenopus melanotropes are 
described in this thesis. 
Various first messengers are able to regulate the electrical activity and 
activities of ion channels in rat and frog (Rana esculenta) melanotropes, such as 
adenosine, DA, neurotensin, NPY, estrogen, prostaglandin E2 and 5-HT 
(Belmeguenai et al., 2002, 2003; Ciranna et al., 1996; Lee, 1996; López-Santiago 
et al., 2001; Mai et al., 1998; Sedej et al., 2004; Tanaka et al., 1998; Valentijn et 
al., 1991, 1992, 1993, 1994), whereas only little is known about the regulation of 
electric activity of the, otherwise so well-studied, melanotropes of the South-African 
toad Xenopus laevis. Recent publications from our laboratory show that CRH 
stimulates the action current and decreases the K
+
 current in these cells 
(Cornelisse et al., 2002) and that also activation of Ca
2+
-sensing receptors 
stimulates the action current in Xenopus melanotropes (van den Hurk et al., 2005). 
Since the effect of other first messengers on the electric activity of Xenopus 
melanotropes is still unclear, in this thesis we focus on the regulation of Ca
2+
 
channels by the inhibitory factors DA, NPY and GABA, and also describe the 
regulation of action currents by DA, TRH and CRH.  
 
 
Ca
2+
 channels  
 
Subunits of Ca
2+
 channels 
 
Voltage-activated Ca
2+
 channels were first solubilized and purified from the 
transverse tubule membranes of skeletal muscle (Curtis and Catterall, 1984). A 
typical Ca
2+ 
channel consists of several different subunits: α1, α2δ, β and γ 
(Ahlijanian et al., 1990; Catterall, 1995, 1998, 2000; Letts et al., 1998; Liu et al., 
1996; Martin-Moutot et al., 1995, 1996; McEnery et al., 1991; Takahashi et al., 
1987; Witcher et al., 1993). The α1 subunit forms the pore of Ca
2+
 channels 
(Tanabe et al., 1987) and the primary structure of 10 α1 subunits has been defined 
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by homology screening (Table 1; Ertel et al., 2000). The amino acid sequence of 
the α1 subunit is organized in four repeated domains (I to IV), each of which 
contains six transmembrane segments (S1 to S6) and a membrane-associated 
loop between transmembrane segments S5 and S6 (Fig. 2; Catterall, 1998, 2000; 
Takahashi et al., 1987). The S4 segments of each homologous domain serve as 
the voltage sensors for activation. Under the influence of an electric field, the S4 
segment initiates a conformational change in the α1 subunit, which opens the pore. 
The narrow external pore is lined by the pore loop, which in each domain contains 
a pair of glutamate residues that are required for Ca
2+
 selectivity. The inner pore is 
lined by the S6 segments, which form the receptor sites for pore-blocking Ca
2+
 
antagonist drugs (for review, see Catterall, 1995, 2000; Hofmann et al., 1999). 
Until now, four different β subunits have been identified: β1 (Ruth et al., 1989), 
β2 (Perez-Reyes et al., 1992), β3 (Castellano et al., 1993a) and β4 subunits 
(Castellano et al., 1993b) (reviewed in Hofmann et al 1994). The β subunits bind 
with very high affinity to the cytoplasmic intracellular linker between domain I and II 
of all HVA calcium channels, via an α interaction domain on the I-II linker (Pragnell 
et al., 1994). These subunits have strong effects on the properties of HVA α1 
subunits, including trafficking of calcium channel complexes to the plasma 
membrane and modification of kinetics and voltage-dependent properties (Bichet et 
al., 2000; Brice et al., 1997; Chien et al., 1995).  
The α2 subunits are extracellular, extrinsic membrane proteins attached to the 
membrane through disulfide linkage to the δ subunit (Chang and Hosey, 1988; Liu 
et al., 1996; Tanabe et al., 1987; Witcher et al., 1993). The γ subunit is a 
glycoprotein with four transmembrane segments (Jay et al., 1990). The functions of 
α2δ and γ subunits are poorly known.  
 
 
Classification of Ca
2+
 channels 
 
Since the first recordings of Ca
2+
 currents in cardiac myocytes (Reuter, 1967, 
1979), it has become apparent that there are multiple types of Ca
2+
 current that can 
be defined by both physiological and pharmacological criteria (Table 1; Bean, 
1989a; Birnbaumer et al., 1994; Catterall, 2000; Catterall et al., 2003; Hess, 1990; 
Llinás et al., 1992; Tsien et al., 1988, 1995). In the Ca
2+
 channel nomenclature, the 
chemical symbol of the principal permeating ion (Ca) is indicated with the principal 
physiological regulator (voltage) as a subscript (CaV). The CaV1 family (CaV1.1 to 
CaV1.4) includes channels containing α1S, α1C, α1D, and α1F subunits, which 
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mediate L-type Ca
2+
 currents (Snutch et al., 1991; Takahashi et al., 1987; Williams 
et al., 1992). The CaV2 family (CaV2.1 to CaV2.3) includes channels containing α1A, 
α1B, and α1E subunits, which mediate P/Q-, N- and R-type Ca
2+
 currents, 
respectively (Dubel et al., 1992; Mori et al., 1991; Soong et al., 1993). The R-type 
Ca
2+
 channel possibly includes multiple channel subtypes (Tottene et al., 1996). 
The CaV3 family (CaV3.1 to CaV3.3) includes channels containing α1G, α1H, and α1I 
subunits, which mediate T-type Ca
2+
 currents (Perez-Reyes et al., 1998).  
The pharmacological properties of the three families of Ca
2+
 channel in 
mammals are quite distinct (Table 1). L-type Ca
2+
 channels are specifically 
inhibited by organic Ca
2+
 channel blockers, viz. dihydropyridines, 
phenylalkylamines and benzothiazepines (Reuter, 1983). The CaV2 family of Ca
2+
 
channels is relatively insensitive to dihydropyridines, but they are specifically 
blocked with high affinity by some peptide toxins from spiders and marine snails 
(Miljanich and Ramachandran, 1995). The P-type Ca
2+
 channel is highly sensitive 
to ω-agatoxin IVA from funnel web spider venom (Mintz et al., 1992), whereas the 
Q-type Ca
2+
 channel is blocked by ω-agatoxin IVA with lower affinity (Randall and 
Tsien, 1995). The N-type Ca
2+
 channel is blocked specifically by ω-conotoxin GVIA 
and related cone snail toxins (McCleskey et al., 1987; Nowycky et al., 1985; Tsien 
et al., 1988). The R-type Ca
2+
 channel is blocked specifically by the synthetic 
peptide toxin SNX-482 derived from Tarantula venom (Newcomb et al., 1998; 
Randall and Tsien, 1995). In the present studies, these pharmacological tools were 
applied to isolated Xenopus melanotropes. The T-type Ca
2+
 channel is insensitive 
to both dihydropyridines and toxins, and there are useful pharmacological tools to 
block this type of Ca
2+
 current (Heady et al., 2001). 
 
 
Kinetics of Ca
2+
 channels  
 
The L-type Ca
2+
 current has been recorded in many cell types, including 
cardiac, smooth and skeletal muscle and endocrine cells (Ding et al., 2004; Fleig 
and Penner, 1996; Hartzell et al., 1995; Milani et al., 1990; Scheenen et al., 1994b; 
Sculptoreanu et al., 1993; Sedej et al., 2004) and in neurons (Bean 1989a; Carter 
and Mynlieff, 2004; Gao and van den Pol, 2002). The L-type Ca
2+
 channel has 
large single-channel conductance, slow voltage-dependent inactivation, as well as 
calcium-dependent inactivation and facilitation (Catterall, 2000).  
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 N-, P/Q-, and R-type Ca
2+
 currents are most prominent in neurons (Catterall, 
2000; Llinás et al., 1989; Randall and Tsien, 1995). The N-type Ca
2+
 channel has 
intermediate voltage-dependent activation and inactivation kinetics (Nowycky et al., 
1985), the P/Q-type Ca
2+
 channel has slow activation and inactivation kinetics, and 
the R-type Ca
2+
 channel, finally, has fast activation and inactivation kinetics 
(Newcomb et al., 1998; Randall and Tsien, 1995). All members of the CaV1 and 
CaV2 family are considered to be HVA Ca
2+
 channels (Lacinova, 2005).  
The T-type Ca
2+
 current was first recorded in starfish eggs (Hagiwara et al., 
1975) but to date it is known to occur in a wide variety of cell types (Carbone and 
Lux, 1984; Fedulova et al., 1985; Nowycky et al., 1985; Swandulla and Armstrong, 
1988). The T-type Ca
2+
 channel possesses small single-channel conductance, low-
voltage activation, rapid inactivation and slow deactivation kinetics (Carbone and 
Lux, 1984; Nowycky et al., 1985).  
 
 
Regulation of Ca
2+
 channels 
 
L-type Ca
2+
 channels are regulated by cAMP-dependent protein 
phosphorylation pathways and/or by protein kinase C (Kwan and Qi, 1997; Reuter, 
1987; Stea et al., 1995; Woo and Lee, 1999). Phosphorylation shifts Ca
2+
 channels 
from a ‘null mode’ in which they do not open or open very rarely upon 
depolarization, to a ‘function mode’ in which the probability of opening is high and 
the opening time is long (Bean et al., 1984; Cachelin et al., 1983; Hess et al., 1984; 
Yue et al., 1990).  
The family of Cav2 channels can be regulated by multiple G protein-coupled 
pathways (Fig. 2; Catterall, 2000; Hille, 1994; Ikeda and Dunlap, 1999; Jones and 
Elmslie, 1997). The most common way is the inhibitory regulating pathway by G 
protein β/γ subunits, which is voltage-dependent and membrane-delimited 
(Dolphin, 1995; Hille, 1994; Wickman and Clapham, 1995). G-proteins consist of 
three subunits, Gα, Gβ and Gγ. Gβ/γ subunits are the primary regulators of Ca
2+
 
channels (Garcia et al., 1998; Herlitze et al., 1996; Ikeda, 1996). Binding of G-
protein β/γ subunits occurs with the intracellular loop, between domain I and II (LI-II; 
Garcia et al., 1998; de Herlitze et al., 1997; Waard et al., 1997; Zamponi et al., 
1997). Upon binding, the channel shifts to the reluctant state, prohibiting opening, 
which can be reversed by very strong depolarizations (Bean, 1989b; Dolphin, 1996; 
Marchetti et al., 1986). N-type Ca
2+
 channels (Cav2.2) are strongly regulated by G-
proteins, whereas the influence of the Gβ/γ subunit on P/Q-type (Cav2.1) and R-
17 
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type (Cav2.3) channels is less strong (Page et al., 1997; Zhang et al., 1996). Since 
Xenopus melanotropes possess G-protein-coupled receptors and HVA Ca
2+
 
channels, this Gβ/γ regulation of Ca
2+
 channels may also exist in this cell type and 
the present study focuses on this issue.  
The regulation of T-type currents by hormones and neurotransmitters coupled 
to the Gq or Gi/Go protein families has been reported in many systems (Lenglet et 
al., 2002; Lu et al., 1996; Perez-Reyes, 2003). Both inhibitions and stimulations 
have been found, and in some cases the same agonist has both actions. 
Regulation is most likely mediated by phosphorylation, but in contrast to HVA 
channels, T-type channels are not phosphorylated by cAMP-dependent protein 
kinase (Fedulova et al., 1985; Fisher and Johnston, 1990) but by members of the 
PKC family, namely tyrosine kinases and CaMKII (Welsby et al., 2003; Wolfe et al., 
2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Transmembrane-folding model of the Cav2 channel α1 subunit. 
Sites of regulation of the α1 subunit by G-protein β/γ subunits (Gβ/γ), protein kinase 
C (PKC) and Ca
2+
/calmodulin (Ca
2+
/CaM) are indicated. 
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Aim and outline of this thesis 
 
Neurons receive a variety of inputs, integrate them and transduce them into 
cellular responses. The mechanisms involved are only fragmentary known. As 
described above, different neurotransmitters and neuropeptides converge on the 
Xenopus melanotrope cell and Ca
2+
 influx through voltage-activated Ca
2+
 channels 
is a prerequisite for melanotrope cell functioning. Therefore, the Xenopus 
melanotrope is a good model to elucidate principles of regulation of Ca
2+
 channels 
by different first and second messenger signaling pathways. In this thesis the 
regulation of Ca
2+
 channels by different regulators and the contribution of different 
Ca
2+
 channels to melanotrope cell functioning are described. 
First of all, Chapter 2 deals with measurements of the ICa of black-adapted 
melanotropes by the whole-cell voltage-clamp patch-clamp technique, and with the 
examination of the activation and inactivation kinetics concerned. Furthermore, 
using pharmacological tools, the various types of Ca
2+
 channel expressed by 
melanotropes of black-adapted animals, are characterized. The high-voltage 
activated L-, N-, P/Q- and R-type Ca
2+
 channels all contribute to the total Ca
2+
 
current, each showing different activation and inactivation kinetics, whereas no T-
type Ca
2+
 channels are present.  
In Chapter 3, the regulation of Ca
2+
 channels by D2-receptor activation is 
investigated. D2-receptor activation partially inhibits the total Ca
2+
 current. By using 
specific channel blockers it is shown that N- and R-type Ca
2+
 channels are inhibited 
by D2-receptor activation. Only the inhibition of R-type Ca
2+
 channels by D2-
receptor activation is through Gβ/γ subunits. 
In Chapter 4, differences in inhibition of Ca
2+
 currents by NPY Y1-, D2- and 
GABAB-receptor activations are compared. Activation of Y1- and D2-receptors 
inhibits the Ca
2+
 current more strongly than activation of GABAB receptors. All three 
receptor activations require the action of Gβ/γ subunits, but the activation of D2- 
and Y1-receptors requires at least one other pathway. 
In Chapter 5, the physiological reversibility of DA inhibition by the combined 
treatment with TRH and sauvagine is studied. Ca
2+
 imaging studies show that 
neither sauvagine nor TRH alone can reverse DA inhibition, whereas their 
combination partially reverses the DA-induced inhibition of Ca
2+
 oscillations and 
Ca
2+
 steps. Moreover, patch-clamp studies demonstrate that this combination of 
stimulators reverses the inhibition of spontaneous action currents by DA, indicating 
that sauvagine and TRH work synergistically but do not reverse the DA-induced 
inhibition of Ca
2+
 currents. 
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In Chapter 6, experiments on the kinetics of the current through Ca
2+
 
channels in black- and white-background-adapted melanotrope cells, using Ca
2+
 or 
Ba
2+
 as charge carriers, are reported. A previous study had already shown that 
black and white melanotropes have different total ICa (Scheenen et al., 2002), 
indicating the ICa is involved in the melanotrope cell functioning. In this chapter, we 
compare the ICa, Ca
2+
-dependence of the ICa, the Ca
2+
-dependence of L-type ICa 
and the contribution of L-type ICa to the total ICa between black- and white-adapted 
animals. The data provide a basis for future studies on the physiological role of L-
type ICa in Xenopus melanotropes. 
Finally, in Chapter 7, all results are discussed, especially in the broad context 
of regulation of neuronal functioning. Furthermore, a model for Ca
2+
 channel 
functioning in Xenopus melanotrope cells is presented. 
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Abstract 
 
Pituitary melanotrope cells are neuroendocrine signal transducing cells that 
translate physiological stimuli into adaptive hormonal responses. In this translation 
process, Ca
2+
 channels play essential roles. We have characterized which types of 
Ca
2+
 current are present in melanotropes of the amphibian Xenopus laevis, using 
whole-cell, voltage-clamp, patch-clamp experiments and specific blockers of the 
various current types. Running an activation current–voltage relationship protocol 
from a holding potential (HP) of –80 mV or –110 mV, shows that Xenopus 
melanotropes possess only high-voltage activated (HVA) Ca
2+
 currents. Steady-
state inactivation protocols reveal that no inactivation occurs at –80 mV, whereas 
30% of the current is inactivated at –30 mV. We determined the contribution of 
individual channel types to the total HVA Ca
2+
 current, examining the effect of each 
channel blocker at an HP of –80 mV and –30 mV. At –80 mV, ω-conotoxin GVIA, 
ω-agatoxin IVA, nifedipine and SNX-482 inhibit Ca
2+
 currents by 21.8 ± 4.1%, 26.1 
± 3.1%, 24.2 ± 2.4% and 17.9 ± 4.7%, respectively. At –30 mV, ω-conotoxin GVIA, 
nifedipine and ω-agatoxin IVA inhibit Ca
2+
 currents by 33.8 ± 3.0, 24.2 ± 2.6 and 
16.0 ± 2.8%, respectively, demonstrating that these blockers substantially inhibit 
part of the Ca
2+
 current, independently from the HP. We previously demonstrated 
that ω-conotoxin GVIA can block Ca
2+
 oscillations and steps. We now show that 
nifedipine and ω-agatoxin IVA do not affect the intracellular Ca
2+
 dynamics, 
whereas SNX-482 reduces the Ca
2+
 step amplitude. We conclude that Xenopus 
melanotrope cells express all four major types of HVA Ca
2+
 channel, as well as the 
resulting currents, but no low-voltage activated channels. The results provide the 
basis for future studies on the complex regulation of channel-mediated Ca
2+
 
influxes into this neuroendocrine cell type as a function of its role in the animal’s 
adaptation to external challenges. 
 
 
Introduction 
 
A variety of voltage-activated Ca
2+
 channel types control, by evoking Ca
2+
 
currents into the neural cell, important cellular events such as growth, plasticity and 
differentiation. A main process controlled by such Ca
2+
 currents is the cell’s 
secretory activity, including biosynthesis, processing and exocytosis of 
neurochemical messengers. Various types of Ca
2+
 channel have been implicated in 
the regulation of such secretory events, but the underlying mechanisms largely 
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remain to be elucidated (Berridge, 1998; Catterall, 1998; Fisher and Bourque, 
2001). Pituitary melanotrope cells of several species express multiple types of Ca
2+
 
channels (Belmeguenai et al., 2002; Mansvelder et al., 1996; Schlichter et al., 
1993; Sedej et al., 2004) and extensive investigations have been performed on rat 
melanotrope Ca
2+
 channels (Mansvelder and Kits, 2000b). From our work on the 
regulation of the secretory activity of the neuroendocrine melanotrope cell in the 
intermediate lobe of the pituitary gland of the amphibian Xenopus laevis, it appears 
that oscillations of the intracellular Ca
2+
 concentration are a main prerequisite for 
the production and exocytosis of α-melanophore-stimulating hormone (αMSH) 
(Jenks et al., 2003; Roubos, 1997; Roubos et al., 2002). The oscillations are built 
up by discrete increase phases, the Ca
2+
 steps. Each Ca
2+
 step represents a Ca
2+
 
wave through the cell. These Ca
2+
 oscillations are initiated by Ca
2+
 influxes through 
N-type channels, but the nature of the Ca
2+
 currents present on the membrane has 
only been partially elucidated (Lieste et al., 1998; Scheenen et al., 1994b, 1996). In 
the Xenopus melanotrope cell, Ca
2+
 oscillations as well as biosynthesis and 
exocytosis of αMSH are under the control of several brain-derived inhibitory and 
stimulatory neurochemical messengers that mediate information to the cell about 
challenges, such as changes in ambient light condition and temperature and 
handling (Jenks et al., 2003; Roubos, 1997; Roubos et al., 2002; Tonosaki et al., 
2001). By regulating the intensity of αMSH secretion, the animal controls its skin 
color intensity and state of camouflage and, in this way, optimally adapts to the 
changing environment. Therefore, deep insight into the identity and regulation of 
Ca
2+
 channel-mediated Ca
2+
 influxes into the melanotrope cell is of importance not 
only to better understand the Ca
2+
 oscillation-driven control of cellular secretory 
activity, but also to better appreciate the central role of a neuroendocrine cell type 
in the animal’s physiological adaptation to multiple environmental challenges.  
In the present study, to provide the basis for studies on the regulation of 
channel-mediated Ca
2+
 influxes into the melanotrope cell, we characterized the 
various types of Ca
2+
 current in the Xenopus melanotrope, and assessed their 
respective contributions to the total Ca
2+
 current. Accordingly, whole-cell, voltage-
clamp, patch-clamp studies were performed using selective channel blockers. First, 
the activation and inactivation properties of the total Ca
2+
 current were assessed, 
and then we characterized the types of Ca
2+
 channel present, taking note of 
voltage-dependencies of the various blocker actions (Bean, 1984; Stocker et al., 
1997; Wegener et al., 2000). Furthermore, we tested the effect of various Ca
2+
 
channel blockers on the kinetics of the Ca
2+
 steps by performing high-speed 
dynamic video experiments. 
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Materials and methods 
 
Animals 
 
Eighty young-adult (aged 6 months) specimens of X. laevis, reared and 
maintained in filtered tap water at 22°C under constant illumination in our 
laboratory, were adapted to a black background for 3 weeks before the start 
of the experiments. They were fed weekly with beef heart. All experiments 
were carried out under the guidelines of the Dutch law concerning animal 
welfare. 
 
 
Melanotrope cells 
 
Cell preparations were made as described previously (Scheenen et al., 2003). 
In brief, after anaesthetization, animals were perfused with Xenopus Ringer’s 
solution (112 mM NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM HEPES, 10 mM glucose; 
pH 7.4), containing 0.025% (w/v) MS222 (Sigma, St Louis, MO, USA), to remove 
blood cells. The neurointermediate lobe of the pituitary gland was rapidly dissected 
and rinsed four times in X. laevis (XL)-L15 culture medium consisting of 67% L15 
medium (Invitrogen Corp., Paisley, UK), 1% kanamycin, 1% antibiotic/antimycotic 
solution (Life Technologies Inc., Rockville, MD, USA), 2 mM CaCl2, 10 mM glucose 
(pH 7.4) and 31% Milli Q. After incubating for 45 min in Xenopus Ringer’s solution 
without CaCl2 but containing 0.25% trypsin (Life Technologies), the enzymatic 
reaction was stopped by adding XL-L15 containing 10% foetal bovine serum 
(Invitrogen), and lobes were dissociated by gentle trituration. Five lobes were 
pooled per cell suspension. A cell suspension was then filtered and centrifuged for 
10 min at 50 g. The cell pellet was resuspended in XL-L15 (100 µl/lobe equivalent) 
and the cells were plated on a round, glass cover slip coated with poly L-lysine 
(molecular weight >300 kDa; Sigma). After allowing the cells to attach to the glass 
surface for 1 h at 22°C, 2 ml XL-L15 containing 10% foetal bovine serum was 
added, and cells were maintained in a humidified atmosphere, for 3 days at 22°C, 
before use.  
 
 
Electrophysiology 
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Electrophysiological recordings were performed using an EPC-9 patch-clamp 
amplifier and Pulse-pulsefit software (version 8.53, HEKA, Lambrecht/Pfaltz, 
Germany). Data were filtered by a Bessel filter set at 12.9 kHz. Patch pipettes were 
pulled from Wiretrol II glass capillaries (Drummond Scientific, Broomall, PA, USA) 
using a Narishige PP-83 pipette puller (Narishige Scientific Instrument 
Laboratories, Tokyo, Japan), and had a resistance between 3 and 5 MΩ after 
polishing.  
To record Ca
2+
 current in the whole-cell, voltage-clamp, patch-clamp 
configuration, the intracellular solution contained 100 mM CsCl, 2 mM CaCl2, 10 
mM EGTA, 2 mM MgATP, 0.1 mM cAMP and 10 mM HEPES (pH set to 7.2 with 
CsOH) and the extracellular solution contained 10 mM CaCl2, 15 mM HEPES, 90 
mM TEACl and 2 mM MgCl2 (pH set to 7.4 with TEAOH). Voltage-dependent 
current activation curves were acquired by incremental 250 ms depolarizing pulses 
of 10 mV to 60 mV from a holding potential (HP) of –80 mV/or –110 mV. Steady-
state inactivation curves were obtained by 10 mV incremental depolarization steps 
of 250 ms from the HPs to +10 mV, with a pulse interval of 5 s. To investigate the 
effects of channel blockers, Ca
2+
 currents were elicited by 250 ms voltage steps to 
10 mV from HPs of –80 mV or –30 mV, applied at 15-s intervals. Currents were 
recorded and corrected for leak (P/n = 4). All experiments were carried out at 20°C.  
 
 
Dynamic video imaging 
 
Cells were washed with Ringer’s solution and loaded for 30 min with 6 µM 
fura-2/AM in Ringer’s solution containing 1 µM Pluronic F127. After loading, cells 
were washed with Ringer’s solution for at least 20 min to allow complete de-
esterification of the dye and placed on an inverted microscope (Axiovert 135 TV, 
Zeiss, Göttingen, Germany). The cells were imaged using a ×40 oil-immersion 
objective (Fluar, 1.30 NA). Cells were alternately excited with 340 and 380 nm light 
for 50 ms. The excitation light (340/380 nm) was generated by a 150 W Xenon 
lamp (Ushio UXL S150, Cypress, CA, USA) connected to a monochromator 
(Polychrome IV, Till Photonics, Martinried, Germany). The emission light was 
directed through a Photonics LP440 filter and imaged using a monochrome digital 
camera (Coolsnap fx, Roper Scientific, Tucson, AZ, USA). Data were collected and 
analysed using the Metafluor imaging software version 4.6 (Universal Imaging 
Corporation, Downingtown, PA, USA). For this analysis, individual cells were 
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selected using areas of interest and fluorescent intensities upon 340 nm and 380 
nm excitation were stored. 
 
 
Channel blockers  
 
For electrophysiology channel blockers were applied by a 12-channel valve 
pressure system (ALA DAD-12, Scientific Instruments, New York, NY, USA) 
through a 100-µm diameter tube placed at a distance of 100 µm from the cell. In 
dynamic video imaging experiments, 0.5 ml of a channel blockers stock solution 
was added to 0.5 ml incubation medium by gently pipetting to obtain the final 
concentrations indicated. All channel blockers were used at concentrations that 
exerted maximal inhibition on the Xenopus melanotrope cell (data not shown). The 
level of the bathing solution was kept constant by means of a suction device. The 
ω-conotoxin GVIA, ω-agatoxin IVA and SNX-482 were obtained from Alomone 
Laboratories Ltd (Jerusalem, Israel) and were dissolved in the extracellular 
solution. Nifedipine (Sigma) was dissolved in ethanol to a concentration of 10 mM 
and subsequently diluted to 10 µM in the extracellular solution. All other chemicals 
were from Merck (Darmstadt, Germany).  
 
 
Statistical analysis  
 
Electrophysiological data were analysed with Pulsefit software and Origin 6.0 
(Microcal Software Inc., Northampton, OR, USA). To gain insight into the global 
inactivation kinetics of the total Ca
2+
 current, we compared the current amplitude in 
the first 5% of a depolarizing pulse to that occurring in the last 5% of that pulse 
(Lee et al., 1999). Data were tested for significance using Student’s t-test (α = 5%) 
and expressed as means ± SEM. Ca
2+
 imaging data was further processed off line 
using Origin 6.0 (Microcal Software Inc.). Changes in intracellular Ca
2+
-
concentrations are expressed as ratio values of the 340/380 nm fluorescence 
intensity. 
 
 
Results 
 
Activation and inactivation current–voltage (I–V) relationships 
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We first characterized the activation current–voltage relationships of the total 
voltage-operated Ca
2+
 current, which was determined following incremental 10-mV 
depolarizing pulses to 60 mV from an HP of –80 mV. Figure 1(A, B) illustrates a 
typical set of Ca
2+
 currents under the control condition. No current was detectable 
following depolarizations up to –40 mV from an HP of –80 mV. Because, 
depending on the state of the cell, low-voltage activated (LVA) currents may 
become inactivated at –80 mV, we also tested the activation I–V protocol from an 
HP of –110 mV, at which no inactivation takes place. Also at this potential, no 
current was detectable following depolarizations of up to –40 mV (Fig. 1C and 1D), 
which indicates that no LVA Ca
2+
 channels exist in melanotropes in Xenopus 
adapted to a black background.  
For the peak current (i.e., the mean current of the evoked response between 
the first 5% of the depolarizing time), the Ca
2+
 current reached its maximal 
amplitude at Vmax of 11.1 ± 1.9 mV or 14.4 ± 1.6 mV upon depolarization from an 
HP of –80 mV (n = 23; Fig. 1B) or –110 mV (n = 7; Fig. 1D), respectively. For the 
sustained current (i.e., the mean current in the last 5% of the pulse time, obtained 
from an HP of –80 mV/or –110 mV), the Vmax was 10.3 ± 1.4 mV (Fig. 1B) or 13.6 ± 
2.0 mV (Fig. 1D), respectively. The Vmax for an HP of –80 mV was not significantly 
different from that for an HP of –110 mV. Independently from the HP, no significant 
difference between peak and sustained currents was observed for Vmax. Running 
steady-state inactivation current-voltage protocols showed that no current 
inactivation occurs at –80 mV, whereas 30.1 ± 4.1% of the current is inactivated at 
–30 mV (n = 12) (Fig. 2A,B).  
 
 
Types of Ca
2+
 currents 
 
To characterize different high-voltage activated (HVA) Ca
2+
 current types, 
specific calcium channel blockers were used to specify currents elicited by a single 
depolarizing pulse to 10 mV from the HP. Testing the effect of our pulse protocol 
showed that, during the course of the experiment, Ca
2+
 current rundown was 0.8 ± 
0.7% per min (Fig. 3) (n = 3). Because this rundown was very small, we did not 
correct the current inhibitions. Adding the different toxins showed that ω-conotoxin 
GVIA and ω-agatoxin IVA inhibitions developed slowly and reached stable levels 
after 120 s; the inhibitions by nifedipine and SNX-482 developed faster, and stable 
inhibitions were reached after 45 s (Fig. 3). At an HP of –80 mV, ω-conotoxin GVIA 
(5 × 10
-7
 M), a specific antagonist of the N-type Ca
2+
 channel, reduced the peak  
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Fig. 1. Total Ca
2+
 current (ICa) of Xenopus laevis melanotrope cells. A 
Superimposed Ca
2+
 current responses using incremental 10-mV depolarizing pulses 
from a holding potential (HP) of –80 mV to 60 mV. P, peak current; S, sustained 
current. B Current-voltage (I–V) relationships of the peak (□) and sustained (●) 
currents shown in (A). Normalized current, calcium current divided by maximum 
calcium current (I/IMax). C Ca
2+
 current responses at incremental 10-mV voltage steps 
from HP = –110 mV to 60 mV. D I–V relationships of peak (□) and sustained (●) 
currents shown in (C). 
 
 
current by 18.1 ± 2.9% and the sustained current by 27.5 ± 6.0% (n = 14) (Fig. 4A 
and 5A). With ω-agatoxin IVA (10
-7
 M), a specific blocker of the P/Q-type Ca
2+
 
channel, the peak current was inhibited by 9.8 ± 4.2% and the sustained current by 
28.7 ± 3.2% (n = 12) (Fig. 4B and 5A). For the specific blocker of the L-type Ca
2+
 
channel, nifedipine (10
-5
 M), these values were 10.1 ± 1.4% and 29.5 ± 3.0%, 
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Fig. 2. Steady-state inactivation 
properties of total Ca
2+
 current. A
Steady-state inactivation curve of ICa. 
Peak current of ICa was induced by 
stepping every 10 s from holding 
potentials increasing from –110 mV 
(▼) or –80 mV (□) to 20 mV or 30 mV. 
Normalized current: calcium current 
divided by maximum calcium current 
(I/IMax). B Total ICa evoked by 
depolarizing from different holding 
potentials (a, –80 mV; b, –30 mV) to 
10 mV. 
Fig. 3. Time course of inhibitions 
for the various channel blockers. In the 
control experiment, Ringer’s solution 
was added to calculate the current 
rundown during the whole-cell 
protocol. Calculated rundown in control 
situations is 0.8 ± 0.7% per min. ●, 
Peak current; ○, Sustained current. 
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respectively (n = 13) (Fig. 4C and 5A). These data demonstrate that N-, P/Q- and 
L-type Ca
2+
 channels all contribute to the HVA Ca
2+
 current. Application of a 
combination of the three blockers in the same concentrations, as described above, 
inhibited the total Ca
2+
 current by 70.0 ± 10.9% (n = 3) (Fig. 4D). Because the 
cocktail blocked only part of the current, it is highly likely that R-type Ca
2+
 channels 
also contribute to the total HVA Ca
2+
 current. We tested this possibility, using SNX-
482, a blocker of the R-type channel (Newcomb et al., 1998; Tottene et al., 2000). 
At a concentration of 100 nM, SNX-482 did not affect the current (n = 4) (Fig. 4E), 
whereas 200 nM SNX-482 inhibited 17.9 ± 4.7% of the total Ca
2+
 current, 27.9 ± 
6.3% of the peak current and 15.9 ± 3.7% of the sustained current (n = 5) (Fig. 4F 
and 5A). At 500 nM SNX-482 (n = 3), the inhibition by SNX-482 was not 
significantly higher than at 200 nM.  
Because the effectiveness of the blockers used depends to some extent on 
the inactivation state of a channel (Bean, 1984; Stocker et al., 1997), we repeated 
the studies described above at an HP of –30 mV. At this HP, ω-conotoxin GVIA 
inhibited the peak current by 31.7 ± 3.0% and the sustained current by 35.9 ± 3.4% 
(n = 13), ω-agatoxin IVA reduced the peak current by 4.6 ± 3.5% and the sustained 
current by 22.9 ± 2.9% (n = 10), and nifedipine inhibited peak and sustained 
currents by 15.4 ± 3.8% and 27.5 ± 2.6%, respectively (n = 14) (Fig. 5B). A 
comparison of these data with those obtained from the experiments performed at 
an HP = –80 mV shows that ω-conotoxin GVIA inhibits the peak current 16.3% 
more strongly (P < 0.01) and the sustained current 13.7% more strongly (P < 0.05) 
than at –30 mV. For ω-agatoxin IVA and nifedipine, the inhibitions of the peak and 
sustained current were not significantly different from those at –80 mV. Similar to 
the situation at –80 mV, at an HP of –30 mV, 100 nM SNX-482 did not inhibit the 
peak or the sustained current (n = 5). 
 
 
Contribution of different Ca
2+
 channels to Ca
2+
 steps 
 
We previously demonstrated that Ca
2+
 oscillations and Ca
2+
 waves underlying 
the Ca
2+
 steps are inhibited by ω-conotoxin GVIA (Scheenen et al., 1996). We have 
now investigated the effect of inhibition of the other Ca
2+
 channels present on Ca
2+
 
step kinetics. Application of 100 nM ω-agatoxin IVA or 10 µM nifedipine did not 
affect the Ca
2+
 oscillations or Ca
2+
 steps parameters (Fig. 6B,C). Prolonging the 
incubation time of these two channel blockers to 30 min did not induce any 
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Fig. 4. Different types of Ca
2+
 current at an holding potential (HP) of –80 mV. 
Currents were evoked by repetitive depolarizations from –80 mV to 10 mV. A ω-
Conotoxin GVIA inhibits part of total ICa; (a) control current; (b) current in presence of 
ω-conotoxin GVIA; (c) shape of the N-type Ca
2+
 current, obtained by subtracting the 
current in the presence of blocker from the control current; a minus b. B ω-Agatoxin 
IVA inhibits part of total ICa; (a) control current; (b) current with ω-agatoxin IVA; (c) 
P/Q-type Ca
2+
 current; a minus b. C Part of total ICa is blocked by nifedipine; (a) 
control current; (b) current after nifedipine was added; (c) L-type Ca
2+
 current; a 
minus b. D Cocktail of ω-conotoxin GVIA, ω-agatoxin IVA and nifedipine partly 
inhibits total ICa; (a) control current; (b) current in the presence of the cocktail. E 100 
nM SNX-482 does not inhibit total ICa; (a) control current; (b) current in presence of 
SNX-482; (c) current derived by subtracting b from a. F 200 nM SNX-482 inhibits part 
of the total ICa; (a) control current; (b) current in presence of SNX-482; (c) current 
derived by subtracting b from a. 
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significant inhibition (data not shown). By contrast, 500 nM SNX-482 significantly 
reduced the Ca
2+
 step amplitude by 33% (Fig. 6A). A tendency for a reduction in 
the number of steps per oscillation was found with 500 nM SNX-482. SNX-482 did 
not affect the Ca
2+
 step time interval at either concentration. 
 
 
Discussion 
 
In the present study, we have investigated the presence of various types of 
HVA current in Xenopus melanotrope cells using the whole cell, voltage-clamp, 
patch-clamp technique. It appears that the total Ca
2+
 current is substantially 
 
Fig. 5. Percentages of 
inhibition of peak (open bars) 
and sustained (grey bars) Ca2+ 
currents by ω-conotoxin GVIA 
(ω-CgTx), ω-agatoxin IVA (ω-
AgTx), nifedipine (Nife) and 
SNX-482 (SNX). A HP = –80 
mV; B HP = –30 mV. 
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Fig. 6. Effect of channel blockers on Ca
2+
 steps kinetics. The effect of the 
channel toxins on the following parameters was determined: Ca
2+
 step amplitude (sa, 
highest value minus lowest value of calcium step), Ca
2+
 step frequency (number of 
Ca
2+
 steps within an oscillation), and Ca
2+
 step time interval (time point of start 
calcium step minus time point of start of the preceding calcium step). Open bars 
represent control conditions and grey bars represent toxins conditions. A 500 nM 
SNX-482 reduces the amplitude of the Ca
2+
 oscillations and the Ca
2+
 steps, but has 
no significant difference on Ca
2+
 step interval or number of steps per oscillations. B 
100 nM ω-agatoxin IVA does not affect the Ca
2+
 oscillations, or the Ca
2+
 step 
parameters. C 10 µM nifedipine does not affect the Ca
2+
 oscillations or the Ca
2+
 step 
parameters. *, P < 0.05. 
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inhibited by applying blockers of four Ca
2+
 currents, namely the N-, P/Q-, R- and L-
type currents. This result indicates that Xenopus melanotrope cells possess all four 
classes of HVA calcium channels. However, for some other cell types, it has been 
reported that the efficiency of some calcium channel blockers used in our study 
may depend to a certain degree on the inactivation state of the channel. In 
particular, nifedipine and ω-conotoxin GVIA are more efficient when the channel is 
in the inactivated state (Bean, 1984; Stocker et al., 1997; Wegener et al., 2000). 
Obviously, such voltage-dependency of the efficacy of a channel blocker might 
compromise the quantification of the contribution of a calcium channel type. We 
therefore compared the degree of inhibition by a channel blocker at both a high and 
a low voltage (i.e., at an HP of –80 mV where there is no channel inactivation and 
at an HP of –30 mV where we showed that approximately 30% of the total Ca
2+
 
current is inactivated). The rationale behind this is that, if a channel blocker acts 
more efficiently at an inactivated channel, it will block better at an HP of –30 mV, 
whereas a blocker that preferentially inhibits an active channel will be more 
effective at an HP of –80 mV. Here we demonstrate that, in the partially inactivated 
state, ω-conotoxin GVIA inhibits a slightly higher proportion of the total Ca
2+
 current 
than in the activated state. For nifedipine, we found no significant difference in 
blocking efficacy between –30 and –80 mV. This would appear to be in contrast to 
earlier reports on dihydropyridine-inhibition of L-type channels in canine ventricular 
heart cells (Bean, 1984). However, recent studies show that high concentrations of 
nifedipine fully block Ca
2+
 channel currents not only in a rat vascular smooth 
muscle cell line, but also in ventricular cardiomyocytes when the channel is in the 
activated state (Wegener et al., 2000, 2003). We therefore conclude that the 
absence of voltage-dependence of the action of nifedipine in our study is due to 
concentration used already evoking maximal inhibition. In addition, no relation 
between blocking efficacy and HP was found for ω-agatoxin IVA. Apparently, the 
substantial inhibitions of the N-, P/Q- and L-type currents do not depend on the 
activation state of the melanotrope cell and therefore Xenopus melanotrope cells 
indeed express N-, P/Q-, R- and L-type Ca
2+
 channels.  
The N-type Ca
2+
 current we found in Xenopus melanotropes has fast 
activating and slow inactivating kinetics. Faster inactivation of N-type currents was 
reported in many cells, including rat melanotropes (Kitamura et al., 1997; 
Mansvelder et al., 1996; Miljanich and Ramachandran, 1995), whereas slow 
inactivation of N-type currents that are regulated in a cell-specific manner involving 
diverse β subunits has also been reported in other cell types (Artalejo et al., 1992; 
Hurley et al., 2000; Stanley and Goping, 1991).  
HVA Ca2+ currents in Xenopus melanotropes 
 
35 
Irrespective of the HP used, adding a cocktail containing all three channel 
blockers could not fully inhibit the total Ca
2+
 current. This indicates that the 
Xenopus melanotrope cell possesses a fourth, blocker-resistant Ca
2+
 channel, 
accounting for approximately 27.9% of the total current (at HP = –80 mV). The fast 
activation and inactivation kinetics of this current closely resemble those of an R-
type Ca
2+
 current. We therefore tested SNX-482, which was recently shown to 
block both native R-type Ca
2+
 channels and cloned CaV2.3 (α1E) channels in many 
cells and cell lines (Bourinet et al., 2001; McNaughton et al., 2004; Neelands et al., 
2000; Sochivko et al., 2002; Tottene et al., 2000; Vajna et al., 2001; Wang et al., 
1999; Watanabe et al., 2004), although this toxin appears ineffective in some cell 
types (Newcomb et al., 1998; Wilson et al., 2000). Our results with SNX-482 and 
Xenopus melanotropes demonstrate that this toxin is active in inhibiting an R-type 
Ca
2+
 channel with fast activation and inactivation kinetics, although higher 
concentrations were needed compared to those previously described in the 
literature. Possibly, this reduced effectiveness reflects a difference between 
species because, to our knowledge, this is the first time that SNX-482 has been 
tested on an amphibian cell type. In conclusion, our data provide strong evidence 
that Xenopus melanotropes contain four types of Ca
2+
 channel. The fact that 
summation of the individual inhibitions of the channel blockers does not add up to 
100%, and that the inhibition induced by SNX-482 is less than the remaining 
current after application of the cocktail of nifedipine, ω-conotoxin GVIA and ω-
agatoxin IVA, is best explained by assuming that one or more of the channel 
blockers is not exerting its maximal inhibition in our study. Alternately, it may be 
that a fifth type of ion channel is present, which has not yet been identified in the 
melanotrope cell, and therefore cannot be pharmacologically blocked.  
In rat melanotropes, all types of HVA Ca
2+
 currents, as well as LVA Ca
2+
 
currents, have been reported on the basis of patch-clamp studies (Keja et al., 
1992; Mansvelder et al., 1996; Sedej et al., 2004). For Xenopus melanotropes, we 
have previously demonstrated the presence of N-type Ca
2+
 channels and L-type 
Ca
2+
 channels (Scheenen et al., 1994b). However, in our earlier study, we did not 
perform a full characterization of the voltage-operated Ca
2+
 currents in that Ba
2+
, 
instead of Ca
2+
, was used as the carrier ion, the I–V relationships were obtained 
through voltage ramps instead of step depolarization and no full characterization of 
all components of the Ca
2+
 current was carried out. We hypothesize that Xenopus 
melanotropes, similar to rat melanotropes, possess other kinds of Ca
2+
 channel. 
Using different protocols, in the present study, we show P/Q- and R-type Ca
2+
 
channels are present on Xenopus melanotropes, in addition to L- and N-type 
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channels. Of these channels, no apparent role could be found for the L- and P/Q-
type channel on Ca
2+
 oscillations and Ca
2+
 steps. We have previously shown that 
N-type channels are important for the initiation of Ca
2+
 oscillations and their 
underlying Ca
2+
 steps (Scheenen et al., 1996). Here, we demonstrate that the Ca
2+
 
oscillation and step kinetics do not solely rely on Ca
2+
 influx through N-type 
channels, but also to some degree on SNX-482 sensitive channels. The possible 
involvement of R-type channels in hormone biosynthesis and release deserves 
further investigation.  
In this study, no indication for the existence of an LVA T-type Ca
2+
 channel in 
the toad Xenopus melanotrope cells has been obtained, which is consistent with 
data obtained from our previous study (Scheenen et al., 1994b) and with those 
obtained from other studies on frog melanotropes (Belmeguenai et al., 2002; 
Valentijn et al., 1993). Probably, species-specific differences exist in this cell type 
with respect to LVA Ca
2+
 channels. This may well be related to the fact that, even 
although melanotrope cells all release αMSH and other proopiomelanocortin-
derived peptides, their physiological roles and regulatory inputs strongly differ 
between lower vertebrates and mammals (Howe, 1973; Roubos, 1997; Saland, 
2001).  
In conclusion, we provide evidence that Xenopus melanotrope cells possess 
all four major types of HVA Ca
2+
 channel and the resulting currents. The 
contribution of each current to the total calcium current in the cell has been studied 
taking into account the voltage-dependence of the available channel blockers used. 
Ca
2+
 studies show that the L-type and P/Q-type Ca
2+
 channels do not contribute to 
the Ca
2+
 step kinetics, whereas the R-type is important in setting the amplitude of 
the steps. These characterizations provide the basis for future studies on the 
Xenopus melanotrope cell, in which the regulation of individual Ca
2+
 current types 
by neurotransmitters will be analysed.  
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Abstract 
 
Dopamine (DA) inhibits pituitary melanotrope cells of the amphibian Xenopus 
laevis through activation of a DA (D2) receptor that couples to a Gi protein. 
Activated Gi protein subunits affect voltage-operated Ca
2+
 currents (ICa). In the 
present study we investigated which Ca
2+
 currents are regulated by D2-receptor 
activation and which Gi protein subunits are involved. Whole-cell voltage-clamp 
patch-clamp experiments from holding potentials (HPs) of –80 and –30 mV show 
that 28.6 and 36.9%, respectively, of the total ICa was inhibited by apomorphin, a 
D2-receptor agonist. The inhibited current had fast activation and inactivation 
kinetics. From an HP of –80 mV, inhibition of N-type Ca
2+
 currents with ω-conotoxin 
GVIA and R-type current by SNX-482 reduced the efficacy of the apomorphin-
induced inhibition. From an HP of –30 mV this reduction by ω-conotoxin GVIA was 
still observed. Blocking L-type current by nifedipine or P/Q-type current by ω-
agatoxin IVA did not affect apomorphin-induced inhibition at either HP. Our results 
imply that D2-receptor activation inhibits both N- and R-type Ca
2+
 currents. Using a 
strong depolarizing pre-pulse partially reversed the inhibition of the total current by 
apomorphin. About 50% of this inhibition was achieved through interaction of Gβ/γ 
proteins, and this part of the inhibited ICa had fast activating and inactivating 
kinetics. However, the other part of the current inhibited by D2-receptor activation 
may proceed through Gα-PKA phosphorylation. 
 
 
Introduction 
 
Secretory cells increase their secretory activity upon a rise in the 
concentration of intracellular Ca
2+
 ([Ca
2+
]i). Such a rise can occur by Ca
2+
 influx 
through high-voltage-activated (HVA) Ca
2+
 channels in the plasma membrane 
(Lomax et al., 1997; Mansvelder and Kits, 2000b; Scheenen et al., 1996). Several 
genes encode for HVA channels, each gene encoding a special channel type 
(Catterall, 1998; 2000). The α11 gene family encodes the L-type channel, the α12.1 
gene the P/Q-type, the α12.2 gene the N-type and the α12.3 gene the blocker-
resistant R-type channel. These four Ca
2+
 channel types possess unique 
biophysical and pharmacological properties (Catterall, 2000). Obviously, regulation 
of the activities of these channels is important in controlling the secretory activity of 
the cell. Therefore, much attention is being paid to the molecular mechanisms 
underlying these regulations. In many cases, channel inactivation occurs by 
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binding of a receptor-activated Gi protein via the Gβ/γ subunit to the channel. This 
has been shown for all four types of HVA Ca
2+
 channel (Barrett and Rittenhouse, 
2000; Herlitze et al., 2001; Meza and Adams, 1998; Qin et al., 1997) but it is not 
known if one particular type of receptor inactivates only one type of channel or is 
able to control the activities of two or more HVA channel types.  
To solve this issue, we have studied the HVA Ca
2+
 channels of the 
neuroendocrine melanotrope cell in the pars intermedia of the pituitary gland of the 
amphibian Xenopus laevis. This secretory cell is a suitable cell model for such a 
study, as it expresses L-type, P/Q-type, N-type and R-type Ca
2+
 currents channels 
(Zhang et al., 2005) and, moreover, possesses a wide variety of G-protein-coupled 
receptors (Roubos et al., 2002). Xenopus melanotropes release α-melanophore-
stimulating hormone (αMSH), which causes darkening of the skin (Jenks et al., 
2003). Some of the receptors, such as the corticotropin-releasing hormone (CRH), 
muscarinic M1 and β-adrenergic receptors, stimulate this release, whereas others, 
like the neuropeptide Y (NPY) Y1, GABAA, GABAB and D2-receptors, inhibit 
secretion (Jenks et al., 2003; Kolk et al., 2002; Roubos et al., 2002). Most of these 
receptors act via G-proteins and modulate the pattern of intracellular Ca
2+
 
oscillations that drive the cell’s secretory activity and arise from Ca
2+
 influx through 
HVA Ca
2+
 channels (Jenks et al., 2003; Lieste et al., 1998). 
It is not known whether these receptors regulate the opening of HVA Ca
2+
 
channels directly or act indirectly via cytoplasmic factors. In this respect, dopamine 
(DA) inhibition of αMSH release has received some attention. In rat melanotropes, 
long-term inhibition by DA affects P/Q-, N- and L-type HVA Ca
2+
 currents to 
different degrees (Mansvelder et al., 2002), whereas in melanotropes of the frog 
Rana ridibunda, short-term inhibition by DA reduces but does not eliminate Ca
2+
 
currents through HVA channels (Valentijn et al., 1992). For Xenopus melanotropes 
it has been demonstrated that activation of the D2-receptor activates the Gi protein 
(de Koning et al., 1992). To date, the possible involvement of Giα and Giβ/γ 
subunits in dopaminergic inhibition of melanotrope cells is unclear. 
In the present study the hypothesis has been tested that acute inhibition of 
Xenopus melanotropes by DA regulates different type of HVA Ca
2+
 channel 
through different Gi subunits. For this purpose, we measured the influence of DA 
D2-receptor activation on the four different Ca
2+
 currents in whole-cell voltage-
clamp patch-clamp experiments. 
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Materials and methods 
 
Animals 
 
Eighty-four young-adult specimens of X. laevis, aged 6 months, were reared in 
our laboratory under standard conditions. They were kept in filtered tap water of 
22°C under constant illumination, fed beef heart weekly, and adapted to a black 
background for 3 weeks before experiments started. All experiments were carried 
out under the guidelines of the Dutch law concerning animal welfare. 
 
 
Melanotrope cells 
 
Cells were prepared as described previously (Scheenen et al., 2003). In short, 
after anesthetization in tap water containing 0.1% (w/v) MS222 and 20 mM 
NaHCO3, animals were perfused with Xenopus Ringer’s solution (112 mM NaCl, 2 
mM KCl, 2 mM CaCl2, 15 mM Hepes, 10 mM glucose, 0.025% MS222, pH 7.4), to 
remove blood cells. The neurointermediate lobe of the pituitary gland was rapidly 
dissected and rinsed four times in XL L15 culture medium consisting of 67% L15 
medium (Invitrogen Corp., Paisley, UK), 1% kanamycin, 1% antibiotic/antimycotic 
solution (Life Technologies Inc., Rockville, MD, USA), 2 mM CaCl2 and 10 mM 
glucose (pH 7.4), diluted in Milli Q. After incubating for 45 min in Xenopus Ringer’s 
solution without CaCl2, containing 1% dispase II (Roche Diagnostics, Mannheim, 
Germany) and 0.5% collagenase V (Sigma, St. Louis, MO, USA), lobes were 
dissociated by gentle trituration with a siliconised Pasteur’s pipette, after which the 
enzymatic reaction was stopped by adding XL L15 containing 10% foetal bovine 
serum (Invitrogen). The cell suspension was filtered and centrifuged for 10 min at 
50 g. The pellet was resuspended in XL L15 (100 µl/lobe equivalent) and the cells 
were plated on a round glass cover slip coated with poly-L-lysine (Mr > 1300 kDa; 
Sigma) in aliquots equivalent to 0.5 lobe/cover slip. After allowing the cells to attach 
to the cover slip for 1 h at 22°C, 2 ml XL L15 containing 10% foetal bovine serum 
was added, and cells were kept in a humidified atmosphere, for 3 days at 22°C, 
before use. 
 
 
Electrophysiology 
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For electrophysiological recordings, an EPC-9 patch-clamp amplifier and 
Pulse-fit software (version 8.50; HEKA, Lambrecht/Pfaltz, Germany) were used. 
Data was filtered by a Bessel filter set at 12 kHz. Patch pipettes were pulled from 
Wiretrol II glass capillaries (Drummond Scientific, Broomall, PA, USA) using a 
Narishige PP-83 pipette puller (Narishige Scientific Instrument Laboratories, Tokyo, 
Japan) and had a resistance between 3 and 6 MΩ after polishing.  
Ca
2+
 currents were measured in the whole-cell voltage-clamp patch-clamp 
configuration. The intracellular solution contained 100 mM CsCl, 2 mM CaCl2, 10 
mM EGTA, 2 mM MgATP, 10 mM Hepes and 0.1 mM cAMP (pH 7.2, adjusted with 
CsOH). The extracellular solution contained 10 mM CaCl2, 15 mM Hepes, 90 mM 
TEACl, 2 mM MgCl2 and 10 mM glucose (pH 7.4, adjusted with TEAOH). Cells 
were continuously perfused by the extracellular solution while keeping the level of 
the bath solution constant by means of a suction device. Ca
2+
 currents were 
elicited by a test pulse of 250-ms voltage steps to 10 mV from a holding potential 
(HP) of –80 or –30 mV, applied at 15 s intervals. Two different pre-pulse protocols 
were applied, both including the two test pulses mentioned above and a short, 
strong depolarization from HP = –80 to 100 mV that was either 10 or 75 ms in 
duration and given 500 ms after the first test pulse. The pre-pulse of 75 ms was 
applied 15 ms before the second test pulse, and the pre-pulse of 10 ms was 
applied 1 ms before the second test pulse. Currents were recorded and corrected 
for leak (P/n = 4). The series resistance (Rs) upon breaking into the whole cell was 
7.14 ± 0.33 MΩ (n = 61) and Rs was compensated by 70% using the internal 
algorithms of the EPC-9. All experiments were carried out at 20°C. 
 
 
Channel blockers 
 
All chemicals were from Merck (Darmstadt, Germany) unless stated 
otherwise. Channel blockers were applied via a 12-channel valve pressure system 
(ALA Scientific Instruments, New York, NY, USA) through a 100-µm diameter tube 
placed at a distance of 100 µm from the cell. ω-Conotoxin GVIA, ω-agatoxin IVA 
and SNX-482 were from Alomone Laboratories (Jerusalem, Israel) and apomorphin 
and nifedipine were from Sigma. Nifedipine was dissolved to 10 mM in ethanol, 
before diluting to 10 µM in the extracellular solution; all other blockers were 
dissolved in the extracellular solution. 
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Data analysis 
 
Electrophysiological data were analyzed with Pulse-fit software and Origin 6.0 
(Microcal Software Inc, Northampton, OR, USA). Three variables of the response 
of the current to a voltage-depolarizing step were studied: (1) the total current: the 
mean current between 1 and 99% of the depolarizing pulse time; (2) the peak 
current: the mean current between 1 and 6% of the pulse time, and (3) the 
sustained current: the mean current between 94 and 99% of the pulse time. The 
effect of various channel blockers on the net apomorphin-induced inhibition was 
determined using the following calculation: 
ITox – IApoTox 
IControl 
in which IApoNet represents the net apomorphin inhibition, IApoTox is the current in the 
presence of (apomorphin + channel blocker), ITox is the current in the presence of 
channel blocker, and IControl is the control current. Data were tested for significance 
with Student’s t test (α = 5%), and presented as means ± SEM. 
 
 
Results 
 
Apomorphin inhibition of Ca
2+
 currents 
 
To test the effect of D2-receptor activation on Ca
2+
 currents (ICa), the D2-
receptor agonist apomorphin was used. We first examined the effect of 10
–5
 M 
apomorphin on the total ICa while applying depolarizing steps to +10 mV from an 
HP = –80 or –30 mV. The resulting current amplitudes are summarized in Table 1. 
At an HP of –80 mV, apomorphin inhibited the total ICa by 28.6 ± 2.5% (Fig. 1A). 
Subtracting the Ca
2+
 current under apomorphin from the control current reveals 
that the apomorphin-inhibited current has fast activation and inactivation kinetics 
(Fig. 1A, insert). Calculating the inhibition during the peak and the sustained phase 
of the current shows that 50.1 ± 3.6% of the peak current and 19.8 ± 2.5% of the 
sustained current was inhibited by apomorphin (Fig. 1B). The inhibition on the 
sustained current was significantly smaller than that on the peak current (P < 
0.001). At an HP = –30 mV, 36.9 ± 2.5% of the total ICa was inhibited by 10
–5
 M 
apomorphin (Fig. 1C), i.e., 29% higher than at –80 mV (p < 0.05), whereas the 
peak and the sustained currents were inhibited by 59.6 ± 1.9 and 28.6 ± 2.7%, 
respectively (Fig. 1D). 
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Fig. 1. Effect of 10
–5
 M apomorphin on the total Ca
2+
 current at different HPs. 
Open and filled circles represent peak and sustained current, respectively. A From an 
HP of –80 mV apomorphin inhibits Ca
2+
 current. Insert: Ca
2+
 current responses to 
voltage steps from –80 to 10 mV, during control (a), in the presence of apomorphin 
(b) and as a subtraction of a–b (c). B Percentage apomorphin-induced inhibition of 
peak current (P) and sustained current (S), at HP = –80 mV. C Inhibition of peak and 
sustained currents at HP = –30 mV. Insert: Ca
2+
 current induced by depolarization 
from –30 to 10 mV, during control (a), in the presence of apomorphin (b) and as a 
subtraction of a–b (c). D Percentage inhibition of peak current and sustained current 
at HP = –30 mV. *, P < 0.05. 
 
 
 
Effects of channel blockers on apomorphin-induced inhibition 
 
From the data presented above, it is clear that apomorphin only partly 
inhibited the Ca
2+
 current. We therefore tested what Ca
2+
 channel types are 
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inhibited by apomorphin, by examining the effect of apomorphin in the presence of 
selective Ca
2+
 channel blockers.  
First, attention was focused on the N-type channel, using ω-conotoxin GVIA (5 
× 10
–7
 M) during application of a depolarizing pulse to +10 mV, at 15-sec intervals, 
from an HP of –80 mV or of –30 mV. From –80 mV, ω-conotoxin inhibited 21.8 ± 
4.1% of the total ICa. For the peak current and the sustained current, the inhibitions 
were 15.3 ± 1.9 and 22.2 ± 3.9%, respectively (Fig. 2A). As soon as the ω-
conotoxin-induced inhibition reached a stable level, apomorphin was added, 
leading to further reductions of the total, peak and sustained currents, by 16.5 ± 
3.0, 31.5 ± 3.7 and 11.6 ± 2.4%, respectively (Figs. 2B). Comparison of the latter 
inhibitions with the inhibitions induced by apomorphin without ω-conotoxin (Fig. 1B; 
see above) showed that ω-conotoxin abolished 42.3% of the apomorphin-induced 
inhibition of the total current (P < 0.01), 37.1% of the peak current (P < 0.01) and 
41.6% of the sustained current (P < 0.05). 
Since we have previously shown (Zhang et al., 2005) that the ω-conotoxin 
inhibition of the total current depends on the state of channel inactivation, we also 
tested the apomorphin-induced inhibition under ω-conotoxin at an HP of –30 mV, 
i.e., when part of the current is inhibited (Zhang et al., 2005). Compared to an HP 
of –80 mV, at –30 mV ω-conotoxin inhibited a larger part of the total ICa, namely 
33.7 ± 3.0% (P < 0.05), whereas for the peak and sustained currents the inhibitions 
were 31.7 ± 3.0 and 35.9 ± 3.4%, respectively (Fig. 2C), i.e., also significantly 
larger than at –80 mV (P < 0.001 and P < 0.05). In the presence of ω-conotoxin, 
apomorphin inhibited the total ICa, the peak and the sustained currents further by 
22.5 ± 3.1, 37.9 ± 4.0 and 18.0 ± 3.6%, respectively (Figs. 2C,D). Comparison of 
the latter inhibitions with the inhibitions induced by apomorphin without ω-conotoxin 
(Fig. 1D; see above) showed that 38.9% of ICa (P < 0.01), 36.4% of the peak 
current (P < 0.001) and 36.9% of the sustained current (P < 0.05) were abolished 
by ω-conotoxin, values not significantly different from those observed at an HP of –
80 mV. 
To test whether P/Q-type channels are inhibited by apomorphin, Ca
2+
 current 
was induced by our test pulse protocol in the presence of 10
–7
 M ω-agatoxin IVA. 
At an HP of –80 mV, ω-agatoxin IVA reduced the total ICa by 26.1 ± 3.1%, and peak 
and sustained currents by 11.2 ± 4.3 and 30.5 ± 2.8%, respectively (Fig. 3A). In the 
presence of ω-agatoxin, apomorphin further reduced the peak current by 48.7 ± 
3.6% and the sustained current by 12.8 ± 2.9% (Figs. 3A,B). The apomorphin- 
induced inhibition of the total ICa in the presence of ω-agatoxin, 21.1 ± 2.7%, was  
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Fig. 2. Effect of ω-conotoxin GVIA (ω-CgTx) on apomorphin-induced inhibition 
of Ca
2+
 current. A Example of whole-cell Ca
2+
 current evoked by voltage steps from –
80 to 10 mV, during control (a), with 5 × 10
–7
 M ω-conotoxin GVIA (b) and with ω-
conotoxin GVIA and 10
–5
 M apomorphin (c). B Percentage apomorphin-induced 
inhibition in the control situation and in the presence of ω-conotoxin GVIA, of peak 
(P) and sustained currents (S), at HP = –80 mV. C Example of total Ca
2+
 current 
elicited by depolarizing from –30 to 10 mV; (a) control, (b) 5 × 10
–7
 M ω-conotoxin 
GVIA, (c) ω-conotoxin GVIA and 10
–5
 M apomorphin. D Percentage apomorphin-
induced inhibition in the control situation and in the presence of ω-conotoxin GVIA, of 
peak (P) and sustained currents (S) at HP =–30 mV. *, P < 0.05. 
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Fig. 3. Effect of ω-agatoxin IVA 
(ω-AgTx) on apomorphin-induced 
inhibition of Ca
2+
 current. A Example of 
Ca
2+
 current responses to voltage 
steps from –80 to 10 mV; (a) control;
(b) 10
–7
 M ω-agatoxin IVA and (c) ω-
agatoxin IVA and 10
–5
 M apomorphin. 
B Percentage apomorphin-induced 
inhibition of peak (P) and sustained 
currents (S) in control situation and 
with ω-agatoxin IVA. 
Fig. 4. Effect of nifedipine on 
apomorphin-induced inhibition of Ca
2+
 
current. A Example of Ca
2+
 currents to 
voltage steps from –80 to 10 mV; (a) 
control; (b) 10
–5
M nifedipine and (c) 
nifedipine and 10
–5
 M apomorphin. B 
Percentage of apomorphin-induced 
inhibition of peak (P) and sustained 
currents (S) in control situation and 
with nifedipine. 
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not significantly different from the inhibition exerted by apomorphin alone (28.6 ± 
2.5%). 
To test whether L-type channels are inhibited by apomorphin, Ca
2+
 current 
was induced by our test pulse protocol in the presence of 10
–5
 M nifedipine. Figure 
4A shows an example of Ca
2+
 current evoked with step pulses from –80 to +10 mV 
under the control condition, in the presence of nifedipine, and in the presence of 
nifedipine with apomorphin. Nifedipine inhibited the total ICa by 24.3 ± 2.4%, the 
peak current by 10.1 ± 1.4% and the sustained current by 29.5 ± 3.0%. In the 
presence of nifedipine, apomorphin inhibited the total, peak and sustained currents 
by 20.8 ± 3.6, 40.6 ± 4.2, and 13.6 ± 3.7%, respectively (Figs. 4A,B). These 
inhibitions were not significantly different from those induced by apomorphin alone. 
We used the specific R-type channel blocker, SNX-482, to investigate 
whether apomorphin inhibits R-type Ca
2+
 currents. For this we used an HP of –80 
mV. SNX-482 (200 nM) inhibited 18.0 ± 7.2% of the total ICa, 32.5 ± 8.2% of the 
peak current and 14.5 ± 4.6% of the sustained current. In the presence of SNX-482, 
apomorphin inhibited 17.6 ± 0.9% of the total ICa, 29.6 ± 2.5% of the peak current 
and 12.7 ± 1.1% of the sustained current (Figs. 5A,B). The apomorphin-induced 
inhibition in the presence of SNX-482 was reduced by 38% when compared to the 
control inhibition (P < 0.05). 
 
 
Role of G-protein β/γ subunits in apomorphin inhibition 
 
To investigate whether apomorphin affects Ca
2+
 currents through β/γ subunits, 
we used the protocol shown in Figure 6A. Effects on Ca
2+
 currents mediated by the 
β/γ subunit of G-proteins can be reversed by a brief depolarizing pre-pulse, the so-
called pre-pulse facilitation, a phenomenon useful to identify the action of this 
subunit (Zhong et al., 2001). Our protocol included two test pulses of 250 ms to 10 
mV from an HP of –80 mV, and one pre-pulse of 75 ms to 100 mV from the same 
HP. The resulting currents are shown in Table 2. Under control conditions the pre-
pulse protocol did not affect the Ca
2+
 current (Fig. 6A). However, the pre-pulse 
partially reversed current inhibition by apomorphin. The inhibition of the peak 
current was reduced from 50.2 ± 4.4 to 20.1 ± 2.9% (P < 0.001) and the inhibition 
of the sustained current from 22.4 ± 3.0 to 18.1 ± 2.7% (P < 0.05; Fig. 6B). 
Subtraction of the current trace under apomorphin from the control trace, 
demonstrates that the apomorphin-inhibited current that was reversed by the pre-
pulse, has fast activation and inactivation kinetics (Fig. 6A). 
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Table 2. Ca
2+
 currents evoked by pre-pulse protocol without and with apomorphin 
ICa Peak (pA) ICa Sustained (pA) Pre-pulse 
duration 
 
Control Apomorphin Control Apomorphin 
No  
Pre-pulse 
-536.1 ± 57.8 -272.6 ± 47.6 -423.6 ± 43.5 -334.7 ± 44.0 75 ms 
(n=9) 
Pre-pulse -516.7 ± 54.3 -419.6 ± 53.7 -384.2 ± 40.6 -316.7 ± 38.3 
No  
Pre-pulse 
-267.8 ± 23.9 -135.0 ± 22.0 -235.0 ± 15.9 -149.9 ± 22.7 10 ms 
(n=5) 
Pre-pulse -283.5 ± 23.7 -190.1 ± 24.0 -227.7 ± 16.1 -143.0 ± 21.4 
ICa Peak: peak current; ICa Sustained: sustained current 
Fig. 5. Effect of SNX-482 on 
apomorphin-induced inhibition of Ca
2+
 
current. A Example of Ca
2+
 currents to 
voltage steps from –80 to 10 mV; (a) 
control; (b) 2 × 10
–7
 M SNX-482 and 
(c) SNX-482 and 10
–5
 M apomorphin. 
B Percentage apomorphin-induced 
inhibition of peak (P) and sustained 
currents (S) in control situation and 
with SNX-482. *, P < 0.05. 
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For N-type channels the reversal of the β/γ-induced inhibition requires much 
shorter pre-pulse durations (Zhong et al., 2001). Therefore, apomorphin-induced 
inhibition of the ICa was also checked when the duration of pre-pulse was reduced 
to 10 ms and the interval time between the second pulse and pre-pulse was 1 ms 
(Fig. 6C). Statistical analysis of ICa total, peak and sustained currents with this 
pulse protocol did not show any significant differences when compared to the 
longer pre-pulse time. In the control situation, apomorphin inhibition of the peak 
current was 49.5 ± 6.6%, but after the short, strong depolarizing pre-pulse the 
inhibition (33.7 ± 4.0%) was clearly less strong (–32%; P < 0.05). For the sustained 
current these values were 37.4 ± 6.6% before the pre-pulse and 38.5 ± 5.8% after 
the pre-pulse (Fig. 6D). Subtraction of the current trace under apomorphin from the 
control trace shows again that the current inhibited by apomorphin and reversed by 
the short strong depolarization, has fast activation and inactivation kinetics. 
However, the peak currents reversed by a pre-pulse of 10 ms was only 15.8% of 
the control peak current, which was significantly smaller (–31%; P < 0.05) than 
when a pre-pulse of 75 ms was used, indicating that a shorter pre-pulse is less 
efficient in reversing apomorphin inhibition of the Ca
2+
 current. 
 
 
Discussion 
 
In this study we have investigated which and how HVA Ca
2+
 channels in the 
Xenopus melanotrope cell are regulated by D2-receptor activation, using the D2-
receptor agonist apomorphin. It is demonstrated that, from both HPs, apomorphin-
induced inhibition of Ca
2+
 current is more pronounced for the peak current than for 
the sustained current, which means that the apomorphin-inhibited current has fast 
activation and fast inactivation kinetics and is independent of the HP at which the 
cell is held. In a previous study we showed that Xenopus melanotropes possess all 
classes of HVA Ca
2+
 currents. Of those only the R-type current has fast activation 
and inactivation kinetics (Zhang et al., 2005). Therefore, we hypothesize that at 
least R-type Ca
2+
 currents are inhibited by D2-receptor activation. Using SNX-482, 
a selective blocker of R-type currents, we demonstrate that the apomorphin-
induced inhibition is substantially reduced, providing further evidence that 
apomorphin inhibits R-type Ca
2+
 channels in Xenopus melanotrope cells. 
Using selective channel blockers for the remaining channels, it is shown that 
in addition to the R-type Ca
2+
 current, also the N-type Ca
2+
 current is inhibited by 
D2-receptor activation, whereas P/Q- and L-type currents are not affected. This 
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Fig. 6. Effect of a strong depolarizing pre-pulse on apomorphin-induced 
inhibition. A Ca
2+
 current responses following a 250-ms test pulse to the indicated 
test potential was equal before and after the 75-ms pre-pulse, which is 15 ms before 
the second test pulse. (a) Control situation; (b) with apomorphin; the pre-pulse 
reduces inhibition; (c) Subtracting current (b) from (a) results in the apomorphin-
inhibited Ca
2+
 current without and with pre-pulse facilitation (c1 and c2, respectively); 
(d) Subtracting current (c2) from (c1) results in the apomorphin-inhibited Ca
2+
 current 
that is susceptible to pre-pulse facilitation. B Comparison of the percentage of 
apomorphin-induced inhibitions without pre-pulse (–PP) and with pre-pulse (+PP). C 
Total Ca
2+
 current induced by pre-pulse protocol that includes a 10-ms pre-pulse 
occurring 1 ms before the second test pulse. Ca
2+
 currents are similar before and 
after the short, strong depolarization in control situation (a). The pre-pulse reduces 
the apomorphin-induced inhibition (b). Subtracting current (b) from (a) results in the 
apomorphin-inhibited Ca
2+
 current (c) without and with pre-pulse facilitation (c1 and 
c2, respectively). (d) Subtracting current (c2) from (c1) yields apomorphin-inhibited 
Ca
2+
 current that is susceptible to pre-pulse facilitation. D Comparison of the 
percentages of apomorphin-induced inhibition without pre-pulse (–PP) and with pre-
pulse (+PP). *, P < 0.05. 
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finding differs from what has been found for rat melanotropes, where DA affects N-, 
L- and P/Q-type Ca
2+
 channels (Keja et al., 1992; Mansvelder et al., 2002). An 
explanation for this difference may be that we have investigated acute inhibition by 
apomorphin, whereas for rat melanotropes long-term inhibition was studied. 
Possibly, prolonged inhibition of N- and R-type Ca
2+
 channels by DA affects 
kinetics or expression levels of L- and/or P/Q-type Ca
2+
 channels. In this respect it 
is interesting to note that long-term DA inhibition reduces the expression of L-type 
Ca
2+
 currents in rat melanotropes (Fass et al., 1999).  
Since the D2-receptor is a Gi-protein-coupled receptor, its activation can occur 
through Gβ/γ subunits and/or a Gα subunit. Gβ/γ subunits exert their effect by 
binding to one or more binding sites on the Ca
2+
 channel. One important binding 
site is the intracellular loop between domains I and II of Ca
2+
 channel α1 subunit, 
other sites are situated in segments of the N- and C-terminal domains of this 
subunit (Cantí et al., 1999; Garcia et al., 1998; Zamponi et al., 1997). A strong, 
positive depolarizing pre-pulse is known to reverse the inhibition of Gβ/γ subunits 
by breaking their binding to the α1 subunit (Altier et al., 2001; Meir and Dolphin, 
2002; Qin et al., 1997). We demonstrate here that a pre-pulse protocol that 
included a short, strong depolarizing pulse, partially abolishes D2-receptor-
mediated current inhibition, indicating that in the Xenopus melanotrope cell part of 
the Ca
2+
 current is inhibited by DA through the Gβ/γ subunit. For frog melanotropes 
this inhibition cannot be reversed by a short, strong depolarization (Valentijn et al., 
1992), suggesting that species-specific differences in β/γ action exist. Pre-pulse 
facilitation has been established for N-, L- and P/Q-type Ca
2+
 currents in many cell 
types, although the specifics of the pre-pulse duration differ for each current type: 
reversal of N-type currents can only be achieved by very short pre-pulse durations 
(Herlitze et al., 2001; Zhong et al., 2001). Both our pre-pulse protocols, i.e., with a 
very short and with a longer pre-pulse duration, only reversed the inhibition of the 
fast activating and fast inactivating Ca
2+
 current resembling the R-type current. We 
therefore conclude that apomorphin does not inhibit N-type Ca
2+
 currents through a 
Gβ/γ subunit. While there is dispute as to whether in transfected cells Gβ/γ subunits 
are involved in the inhibition of R-type Ca
2+
 currents by G-protein-coupled 
receptors (Meir and Dolphin, 2002; Meza and Adams, 1998; Qin et al., 1997; Toth 
et al., 1996), our study shows that Gβ/γ subunits are involved in receptor-mediated 
inhibition of the R-type current in a normal, physiologically active cell. 
Although Gβ/γ subunits modulate N-type Ca
2+
 currents in various cell types, 
our data reveal that this is not the absolute rule. Theoretically it can be that in the 
Xenopus melanotrope cell, D2-receptor-mediated inhibition of the N-type current 
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takes place through a different mechanism, namely via activation of the Giα subunit. 
Activation of this subunit inhibits the cAMP/PKA pathway in Xenopus melanotropes, 
thereby likely decreasing the degree of phosphorylation of this channel type (Lieste 
et al., 1996). Channel phosphorylation increases the conductance of HVA Ca
2+
 
channels (Catterall, 2000; Dolphin, 1996). Therefore, a reduced phosphorylation 
would lead to inhibition of the Ca
2+
 current. However, whether this mechanism is 
operational in the whole-cell configuration remains to be determined. In this 
configuration, we added excess cAMP to reduce current rundown and it is 
conceivable that the added cAMP counteracts DA inhibition of cAMP production. 
Taken together, our data support the hypothesis that one particular type of 
receptor can activate two or more HVA channel types via different pathways: 
inhibition of the R-type Ca
2+
 channel takes place through Gβ/γ subunit binding 
whereas inhibition of the N-type Ca
2+
 channel likely arises through the cAMP/PKA 
pathway. Since D2-receptor activation does not inhibit all types of HVA channel 
present in the plasma membrane, it will be interesting to see if these channels are 
regulated by the other known Gi-protein-coupled receptors of the Xenopus 
melanotrope, namely the NPY Y1 receptor and the GABAB receptor. 
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Abstract 
 
Secretion of α-melanophore-stimulating hormone (αMSH) from pituitary 
melanotrope cells of the amphibian Xenopus laevis is under inhibitory synaptic 
control by three neurotransmitters produced by the suprachiasmatic nucleus: γ-
aminobutyric acid (GABA), neuropeptide Y (NPY) and dopamine (DA). These 
inhibitory effects occur through Gi-protein-coupled receptors (GiPCR), and differ in 
strength: GABAB receptor-induced inhibition is the weakest, whereas DA (via a D2-
receptor) and NPY (via a Y1-receptor) strongly inhibit, with NPY having a long-
lasting effect. Previously it was shown that DA inhibits two of the four voltage-
operated Ca
2+
 channels in the melanotrope (the R- and the N-type channel), and 
that only part of this inhibition is mediated by β/γ-subunits of the Gi protein. We 
here demonstrate that also the Y1- and GABAB-receptor inhibit only part of the total 
Ca
2+
 current (ICa), with fast activation and inactivation kinetics. However, GABAB-
mediated inhibition is weaker than the inhibitions induced via Y1- and D2-receptors 
(–21% versus –27% and –30%, respectively). Using a depolarizing pre-pulse 
protocol it was demonstrated that GABAB-induced inhibition of ICa most likely 
depends on Gβ/γ-subunit activation whereas Y1- and D2-induced inhibitions are 
only partially mediated by Gβ/γ-subunits. No differences were found between the 
Y1- and D2-induced inhibitions. These results imply that activation of different 
GiPCR inhibits the ICa through different mechanisms, a phenomenon that may 
underlie the different potencies of the suprachiasmatic neurotransmitters to inhibit 
αMSH secretion. 
 
 
Introduction 
 
The South African toad, Xenopus laevis, adapts its skin colour to changed 
environmental light intensities. In skin melanophores, melanin dispersion is 
stimulated by α-melanophore-stimulating hormone (αMSH) released from the 
neuroendocrine melanotrope cells in the pars intermedia of the pituitary gland 
(Jenks et al., 2003; Roubos et al., 2005). Multiple neural messengers converge on 
the melanotrope cell to regulate αMSH release and biosynthesis of its precursor 
pro-opiomelanocortin (POMC). Evidence indicates that when Xenopus laevis is 
moved from a black to a white background, the suprachiasmatic nucleus releases 
three inhibitory factors, dopamine (DA), neuropeptide Y (NPY) and γ-aminobutyric 
acid (GABA), from axon terminals contacting the melanotropes, to reduce αMSH 
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secretion (e.g. Berghs and Roubos, 1996; de Rijk et al., 1992; Jenks et al., 1998, 
2003; Tuinhof et al., 1994; Ubink et al., 1998). DA acts on Xenopus melanotrope 
cells via a D2-receptor (Verburg-van Kemenade et al., 1986a,c) while NPY binds an 
Y1-receptor and GABA activates both GABAA- and GABAB-receptors (Jenks et al., 
1998; Scheenen et al., 1994a, 1995; Verburg-van Kemenade et al., 1986a). The 
Gi-protein-coupled receptors (GiPCR), Y1, GABAB and D2 (Jenks et al., 1991; 
Kongsamut et al., 1991; Shibuya and Douglas, 1993a), inhibit the melanotrope cell 
to different degrees: NPY and DA inhibit αMSH release stronger than GABA, NPY-
inhibition lasts much longer than the DA- and GABA-inhibitions (Leenders et al., 
1993), and Y1 and D2 both potently inhibit POMC biosynthesis whereas GABAB 
does not affect POMC biosynthesis at all (Dotman et al., 1996). 
αMSH secretion is driven by transient increases in the cytoplasmic Ca
2+
 
concentration, the so-called Ca
2+
 oscillations (Scheenen et al., 1994a, 2003). All 
three GiPCR inhibit these Ca
2+
 oscillations but, similarly to the regulation of POMC-
biosynthesis and αMSH secretion, differences in inhibitory strength occur as the 
GABAB-induced inhibition is completely reversed by elevating the intracellular 
cAMP concentration whereas the inhibitions by NPY and DA are not (Lieste et al., 
1996).  
Ca
2+
 oscillations depend on voltage-operated Ca
2+
 currents (ICa) during action 
potentials (Jenks et al., 2003; Lieste et al., 1998) that are initiated by various types 
of calcium channel. D2-receptor activation partially inhibits the ICa, involving the Gi-
protein β/γ-subunit (Zhang et al., 2004, 2005). Since Y1-, GABAB- and D2-receptors 
are all Gi-protein-coupled receptors, we hypothesize that the different strengths 
with which these neurotransmitters inhibit Xenopus melanotrope cells depend, at 
least in part, on differences in the way the Gβ/γ-subunit of their respective 
receptors control the ICa. This hypothesis has been tested by using the whole-cell 
voltage-clamp patch-clamp technique and a pre-pulse facilitation protocol to assess 
Gβ/γ-subunit activity (see Zhang et al., 2004). 
 
 
Materials and methods 
 
Animals 
 
Forty-eight young-adult Xenopus laevis (age: 6 months) were reared in our 
laboratory under standard conditions and kept in filtered 22°C tap water under 
constant illumination. They were fed weekly with beef heart, and adapted to a black 
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background for three weeks before performing experiments. All experiments were 
carried out under the guidelines of the Dutch law concerning animal welfare. 
 
 
Melanotrope cell culture 
 
Cells were prepared as described previously (Scheenen et al., 2003). In short, 
after anaesthetization, animals were perfused with Xenopus Ringer’s solution (112 
mM NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM Hepes, 10 mM glucose; pH 7.4) 
containing 0.025% (w/v) MS222 (Sigma Chemical, St. Louis, MO, USA), to remove 
blood cells. The neurointermediate lobe of the pituitary gland was rapidly dissected 
and rinsed four times in Xenopus laevis (XL)-L15 culture medium consisting of 67% 
L15 medium (Invitrogen Corp., Paisley, UK), 1% kanamycin, 1% 
antibiotic/antimycotic solution (Life Technologies, Rockville, MD, USA), 2 mM 
CaCl2, 10 mM glucose (pH 7.4) and 31% Milli Q. After incubating for 45 min in 
Xenopus Ringer’s solution without CaCl2 but with 0.25% trypsin (Life Technologies), 
the enzymatic reaction was stopped by adding XL-L15 containing 10% foetal 
bovine serum (Invitrogen) and lobes were dissociated by gentle trituration. Per cell 
suspension, four to six lobes were pooled. A suspension was then filtered and 
centrifuged at 50 g for 10 min. The cell pellet was resuspended in XL-L15 (100 
µl/lobe equivalent) and the cells were plated on a round, glass cover slip coated 
with poly-L-lysine (Mw>300 kDa; Sigma Chemical). After allowing the cells to 
attach to the glass surface for 1 h at 22°C, 2 ml XL-L15 containing 10% foetal 
bovine serum was added, and cells were kept in a humidified atmosphere, for 3 
days at 22°C, before use. 
 
 
Electrophysiological experiments 
 
Electrophysiological recordings were performed using an EPC-9 patch clamp 
amplifier and Pulse-pulsefit software (v.8.63, HEKA, Lambrecht/Pfaltz, Germany). 
Data were filtered by a Bessel filter set at 12.9 kHz. Patch pipettes were pulled 
from Wiretrol II glass capillaries (Drummond Scientific, Broomall, PA, USA) using a 
PP-83 pipette puller (Narishige Scientific Instrument Laboratories, Tokyo, Japan), 
and had a resistance between 3 and 5 MΩ after polishing.  
To record Ca
2+
 current in the whole-cell voltage-clamp patch-clamp 
configuration, the intracellular solution contained 100 mM CsCl, 2 mM CaCl2, 10 
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mM EGTA, 2 mM MgATP, 0.1 mM cAMP and 10 mM Hepes (pH set to 7.2 with 
CsOH) and the extracellular solution contained 10 mM CaCl2, 15 mM Hepes, 90 
mM TEACl and 2 mM MgCl2 (pH set to 7.4 with TEAOH). To investigate the effects 
of Y1-, GABAB- and D2-receptor activations, the total ICa was elicited by 250 ms test 
pulses to 10 mV from an holding potential (HP) of –80 mV, applied at 15 s intervals. 
For checking Gβ/γ-subunit involvement, a pre-pulse protocol including two test 
pulses as mentioned above and a short, strong depolarization from an HP of –80 to 
100 mV, were used at 15 s intervals (Zhang et al., 2004). The strong depolarization 
lasted 75 ms and was applied 500 ms after the first test pulse and 15 ms before the 
second test pulse. Currents were recorded and corrected for leak using the internal 
algorithm of the EPC-9 amplifier (P/n = 4). All experiments were carried out at 20°C. 
 
 
Drugs and application 
 
Drug-containing solutions were applied by a 12-channel valve pressure 
system (ALA DAD-12, Scientific Instruments, New York, NY, USA) through a small 
tube placed at a distance of 100 µm from the cells. The level of the bath solution 
was kept constant by means of a suction device. Y1-, GABAB- and D2-receptors 
were activated with Xenopus NPY, the GABAB-receptor agonist baclofen and the 
D2-receptor agonist apomorphin, respectively (Dotman et al., 1996). Apomorphin 
was preferred above DA, as it is not rapidly broken down in in vitro conditions. 
Xenopus NPY was obtained from American Peptide Company (Sunnyvale, CA, 
USA) and baclofen and apomorphin were from Sigma Chemical. All other 
chemicals were from Merck (Darmstadt, Germany). Receptor agonists were used 
in concentrations that exerted maximal effects on secretion, biosynthesis and Ca
2+
 
oscillations as shown by us in previous studies (Dotman et al., 1996; Leenders et 
al., 1993; Scheenen et al., 1994a). 
 
 
Data analysis 
 
Electrophysiological data were analyzed with Origin 6.1 (Microcal Software, 
Northampton, OR, USA) and FitMaster 2.0 (HEKA). The amplitudes of three 
variables, namely the total ICa (1–99% of the depolarizing time), the peak current 
(IPeak, 1–6% of the depolarizing time) and the sustained current (ISust, 94–99% of 
the depolarizing time), were compared under conditions with or without inhibitors 
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(Zhang et al., 2004, 2005). Neurotransmitter effects on the ICa were calculated 
using the following formula: Iinhibited = (Icontrol – Iinhibitor)/Icontrol, in which Iinhibited 
represents the percentage of inhibition of the total ICa, peak current or sustained 
current by the inhibitors, Icontrol is the control current amplitude of the three 
parameters, and Iinhibitor is the current amplitude of the three parameters in the 
presence of inhibitors. The effect of strong depolarizing pre-pulse was calculated 
using the following formula: 
 
Inhibitionbefore pre-pulse – Inhibitionafter pre-pulse 
Inhibitionbefore pre-pulse.  
 
Data were statistically analyzed with Paired Student’s t-test or one-way ANOVA (α 
= 5%) followed by a Duncan’s post-hoc analysis. Data were tested for normality 
and variance using the Shapiro–Wilk’s W test and Brown–Forsythe test, 
respectively, and presented as means ± standard error of the mean (SEM). 
 
 
Results 
 
The three parameters used in this study, namely the total ICa, the peak current 
and the sustained current (Fig. 1), describe the main aspects of components of the 
ICa and permit the accurate quantitation of the effects of the neurotransmitters on 
the ICa. The total ICa is the average Ca
2+
 current evoked by the depolarizing pulse, 
the peak current represents that part of the ICa that has fast activation kinetics, and 
the sustained current represents the part of the ICa that possesses slow inactivation 
kinetics (Fig. 1).  
 
 
GiPCR activation reduces ICa amplitude 
 
The amplitude of the total and of the peak and the sustained parts of the ICa 
following depolarizing steps to +10 mV from an HP = –80 mV were measured, and 
the results were summarized in Table 1. Variations in the amplitude of control 
currents were observed that were due to variability between different cell 
preparations. In order to compare different treatments independently of the starting 
current amplitude, the percentage values of inhibitions were used. 10
–6
M NPY 
inhibited the total ICa by 27.4 ± 2.0% (Fig. 1A), 10
–5
M apomorphin by 29.8 ± 2.3% 
Inhibitionreversed = 
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Fig. 1. Effect of three 
inhibitors on Ca
2+
 current. A 
Example of whole-cell Ca
2+
 current 
evoked by voltage steps from –80 to 
10 mV, during control (a), with 10
–6
M 
NPY (b). B Ca
2+
currents in the 
control situation (a) and in the 
presence of 10
–5
M apomorphin (b). 
C Ca
2+
 currents in the control 
situation (a) and in the presence of 
3.3 × 10
–6
 M baclofen (b). In all 
traces current (c) represents the 
subtracted current, (b)–(a). D 
Percentage inhibitions induced by 
three different inhibitors of the peak 
and the sustained currents. Apo, 
apomorphin; **, P < 0.01. 
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 (Fig. 1B), and 3.3 × 10
–6
M baclofen by 21.0 ± 1.0% (Fig. 1C). The inhibition of the 
total ICa by baclofen is 23.2% less than that by NPY and 29.4% less than that by 
apomorphin (F6.5; P<0.05 and P<0.01, respectively). No difference was found 
between the inhibitions induced by apomorphin and NPY. Subtracting the trace of 
the ICa under the inhibition of any of the transmitters from that of the control 
situation shows that the ICa inhibited by the transmitters rapidly activates and 
subsequently also rapidly inactivates again (Fig. 1). To express the observed 
differences in inhibition of the three neurotransmitters in terms of activation and 
inactivation kinetics, the inhibitions of the peak current and of the sustained current 
were calculated. NPY inhibited the peak current by 53.1 ± 2.7% and the sustained 
current by 18.0 ± 2.1% (Figs. 1A,D) and apomorphin inhibited with similar strengths 
(by 51.4 ± 3.5 and 20.8 ± 2.4%, respectively; Figs. 1B,D). Baclofen inhibited the 
peak current to a similar degree (by 44.4 ± 1.8%) but had, in contrast to NPY and 
apomorphin, only a small inhibitory effect on the sustained current, viz. 9.7 ± 0.9% 
(F10.8, P<0.01; Figs. 1C,D). 
 
 
 
Table 1. Inhibitory effects of 10
–6
M NPY, 3.3 × 10
–6
M baclofen and 10
–5
M DA on 
Ca
2+
 currents (in pA) of Xenopus laevis melanotrope cells 
 
 Total current Peak current Sustained current 
Control -520.4 ± 64.6 -588.9 ± 80.5 -479.4 ± 57.3 
NPY  
(n=10; UR=4) 
-381.8 ± 52.2* -271.9 ± 37.0* -400.3 ± 55.2* 
Control -301.6 ± 29.5 -411.4 ± 34.9 -266.3 ± 26.5 
Apomorphin  
(n=18; UR=6) 
-213.9 ± 23.7* -203.4 ± 24.6* -212.6 ± 22.6* 
Control -696.9 ± 58.1 -813.9 ± 75.9 -623.5 ± 47.2 
Baclofen  
(n=18; UR=6) 
-553.5 ± 49.4* -454.2 ± 43.3* -566.4 ± 46.5* 
 
Asterisk indicates significant difference with control (P < 0.001). UR: the unit of 
replication indicating the number of independent cell preparations used. 
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Involvement of Gβ/γ-subunits in GiPCR-mediated inhibition 
 
In many excitable cell types, including Xenopus melanotropes, G-protein β/γ-
subunit-mediated effects on Ca
2+
 currents can be reversed by a brief depolarizing 
pre-pulse, a protocol called pre-pulse facilitation (Dolphin, 1996, 2003a; Ohta et al., 
2004; Zhang et al., 2004). Such a protocol was used to assess the role of the β/γ-
subunit of the Gi protein, which showed that the pre-pulse partially reversed NPY- 
and apomorphin-induced inhibitions but completely reversed the inhibition by 
baclofen (Table 2). In the control condition, using a 75 ms pre-pulse with a 15 ms 
interval, no pre-pulse facilitation was observed (Fig. 2). In the presence of NPY, the 
total ICa without pre-pulse stimulation was reduced by 35.3 ± 6.3%, the peak 
current by 57.0 ± 6.1% and the sustained current by 29.5 ± 5.8%. Upon pre-pulse 
stimulation these values were markedly less, namely 22.2 ± 5.7% for the total ICa, 
23.1 ± 6.2% for the peak current and 23.0 ± 5.8% for the sustained current (Figs. 
2A and 2B). Comparing the inhibition of ICa by NPY before and after the pre-pulse, 
shows that inhibition of the total ICa by NPY was partially (46.0%; P < 0.001) 
reversed by pre-pulse stimulation, mainly with regard to the peak current (59.4%, P 
< 0.001) but also to the sustained current (21.8%, P < 0.05; Fig. 2B). Similarly, with 
respect to apomorphin, before pre-pulse stimulation the total ICa, peak and 
sustained currents were reduced by 30.9 ± 3.6%, 50.2 ± 4.4% and 22.4 ± 3.0%, 
respectively (Figs. 2C,D) whereas after the pre-pulse these values were much 
lower, i.e., 18.7 ± 2.6% for the total ICa, 20.1 ± 2.9% for the peak current and 18.1 
(2.7% for the sustained current (Figs. 2C,D). This means that the pre-pulse partially 
reversed the inhibition of the total ICa by apomorphin, by 39.8% (P < 0.001), mainly 
acting on the peak current (–60.8%, P < 0.001; Fig. 2D) but also on the sustained 
current (–19.3%, P < 0.05). As to the GABAB-receptor, however, pre-pulse 
stimulation revealed a picture completely different from that observed for NPY and 
DA. Before the pre-pulse, baclofen reduced the total ICa, peak current and 
sustained current by 16.4 ± 2.1, 37.7 ± 2.4, and 6.6 ± 3.8%, respectively, but upon 
pre-pulse stimulation these inhibitions were not partially but completely reversed 
and neither the total ICa nor the peak and the sustained current did significantly 
differ from control values, indicating complete reversal of the inhibitions (Figs. 
2E,F). 
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Fig. 2. Effect of a strong depolarizing pre-pulse on NPY, baclofen and apomorphin-
induced inhibitions. A Ca2+ current responses following a 250 ms test pulse to the indicated 
test potential was the same before and after the 75 ms pre-pulse, which is 15 ms before the 
second test pulse. (a) Control current; (b) Current in the presence of NPY; (c) Subtracting 
current (b) from (a) results in the NPY-inhibited Ca2+ current without and with pre-pulse 
facilitation (c1 and c2, respectively); (d) Subtracting current (c2) from (c1) results in an NPY-
inhibited Ca2+ current that is susceptible to pre-pulse facilitation. B Percentages of inhibition 
induced by NPY of the peak and the sustained current, before (white bar) and after (black 
bar) the 75 ms pre-pulse. C Total Ca2+ current induced by the same pre-pulse protocol as in 
(A) in the presence of apomorphin. D Inhibitions induced by apomorphin on the peak and 
the sustained current, before (white bar) and after (black bar) pre-pulse. E Total Ca2+ current 
induced by the same pre-pulse protocol as in (A) but in the presence of baclofen. F 
Percentages of inhibition induced by baclofen of the peak and the sustained current, before 
(white bar) and after (black bar) pre-pulse. *, P < 0.05; ***, P < 0.001. 
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Discussion 
 
Three inhibitors act differentially on the ICa to control the secretory process 
 
In this study on the regulation of Xenopus melanotrope cells, the roles of three 
GiPCR-coupled inhibitory receptors, Y1, GABAB and D2, in Gβ/γ-subunit-mediated 
regulation of the ICa, were tested. This was done using the specific agonists NPY, 
baclofen and apomorphin, respectively. Each of the three inhibitors appears to 
have an effect on the total inward Ca
2+
 current, baclofen acting weaker than NPY 
and apomorphin, whereas the actions of NPY and apomorphin did not differ from 
each other. The difference between baclofen on the one hand and NPY and 
apomorphin on the other becomes even more clear when the individual 
components of the Ca
2+
 current are considered. All three inhibitory receptors inhibit 
part of the ICa with fast activation and inactivation kinetics but D2- and Y1-receptors 
also inhibit a part of the ICa with slow inactivating kinetics, whereas the GABAB-
receptor only inhibits a fast inactivating current that does not completely inactivate 
during the test pulse. 
The different inhibitory effects of NPY, apomorphin and baclofen on the total 
ICa are in line with their different potencies to inhibit melanotrope cell activity: 
POMC-biosynthesis is inhibited by D2- and Y1- but not by GABAB-receptors 
(Dotman et al., 1996), Ca
2+
 oscillatory activity is inhibited by all three GiPCR but 
only the inhibition by the GABAB-receptor is completely reversed by elevating the 
intracellular cAMP concentration (Lieste et al., 1996), and αMSH secretion is 
inhibited differentially by the three GiPCR with GABAB leading to relatively weak 
and short-lasting inhibition, D2 causing strong inhibition whereas Y1 resulted in a 
strong and long-lasting inhibition (Leenders et al., 1993, 1995). Taken the data on 
these various cellular activities together, it can be concluded that GABAB-receptor 
activation always leads to a relatively weak, short and readily reversible inhibition 
whereas D2- and Y1-receptor activations evoke strong inhibitions which in the case 
of Y1 are long-lasting. The present observation that all three receptors inhibit fast 
activating and inactivating ICa suggests that they are all capable of inhibiting Ca
2+
-
driven action potential generation by the melanotrope cell, because this ICa is the 
most dominant contributor to the total Ca
2+
 influx during an action potential 
(Cornelisse et al., 2002; Lieste et al., 1998). The inhibition of the slow inactivating 
current by D2- and Y1-receptors possibly plays a role in the inhibition of POMC-
biosynthesis by DA and NPY (Dotman et al., 1996). The present results therefore 
strengthen the idea that GABA is involved in short-term inhibition of melanotrope 
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cell activity, mainly affecting phasic αMSH secretion that takes place when the 
animal quickly moves from a dark to a light background, whereas NPY and DA may 
rather be involved in strong, long-term inhibition of POMC-biosynthesis and tonic 
αMSH secretion when the animal remains for a long period on a light background. 
 
 
Involvement of Gβ/γ-subunit in the inhibition of ICa   
 
Inhibition of ICa by GiPCR is most likely caused by direct binding of the β/γ-
subunit of the G protein to the calcium channel α1-subunit, which is voltage-
dependent and membrane-delimited (Anwyl, 1991; Dolphin, 2003b). The G(/(-
subunit binds to the intracellular loop between domains I and II (LI-II) and/or the N and C 
termini of (1-subunit (Garcia et al., 1998; Herlitze et al., 1997; Zamponi et al., 1997) and in 
this way impedes the outward gating movement of the S4 voltage sensors of the Ca2+ 
channel (Jones et al., 1997; Patil et al., 1996). This effect can experimentally be reversed by 
short but strong membrane depolarization, the so-called pre-pulse facilitation, which is 
proposed to break the binding and activate the reluctant voltage sensors (Dolphin, 
1996, 2003a; Ohta et al., 2004). Previously, such pre-pulse protocol was used to 
demonstrate the involvement of Gβ/γ-subunit activity in DA-regulated Ca
2+
 influx 
into Xenopus melanotrope cells (Zhang et al., 2004). Here this protocol has been 
applied to investigate if this subunit plays a role in the differential inhibitory effects 
of the ICa by Y1-, GABAB- and D2-receptor activation. The results suggest that Gβ/γ-
subunits are involved in all three inhibitions and that the degrees of inhibition 
evoked by Gβ/γ-subunits clearly differ. The GABAB-receptor seems to mediate 
inhibition exclusively through Gβ/γ-subunits, which are only partially responsible for 
the inhibitions exerted by Y1- and D2-receptors.  
The different involvements of the Gβ/γ-subunit in GABAB- versus D2- and the 
Y1-receptor signaling, may likely activate different intracellular signaling pathways, 
which would also explain why the three transmitters have different effects on 
cellular secretory processes like POMC-biosynthesis and αMSH secretion. The 
GABAB-inhibition of ICa is mediated by the Gβ/γ-subunit and Gi-protein β/γ subunits 
are probably not involved in this process. Previous studies have shown that 
GABAB-receptor activation inhibits the cAMP-dependent pathway (Leenders et al., 
1993, 1995; Lieste et al., 1996), leading to inhibition of Ca
2+
 oscillations and 
hormone secretion. We therefore conclude that GABAB-receptor activation acts on 
multiple ion channels and/or second messenger systems. The interaction between 
different intracellular signaling pathways and the involvement of the Gβ/γ-subunit 
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remains to be investigated. In contrast, Gi-protein α-subunits and/or a PKC-
dependent pathway may be involved in NPY and DA regulation of ICa, because this 
pathway is responsible for the inhibition by NPY of the ICa in melanotrope cells of 
the frog Rana ridibunda (Valentijn et al., 1994) and in PC12 cells (McCullough et al., 
1998). However, no involvement of Gβ/γ-subunits was found for the regulation of 
Ca
2+
 currents in frog melanotropes upon DA receptor activation (Valentijn et al., 
1992), suggesting that cellular signaling in melanotrope cells from different 
amphibian species may vary considerably.  
Meanwhile, the question arises as to the types of Ca
2+
 channel that are 
regulated by the respective neurotransmitters and the Gβ/γ-subunits they influence. 
Xenopus melanotropes possess four types of high-voltage activated Ca
2+
 current: 
L-, N-, P/Q-, and R-type (Zhang et al., 2005). Of these currents only the R-type has 
fast activation and inactivation kinetics (Zhang et al., 2004, 2005). Since each of 
the receptor agonists inhibits the peak current, which is the current with the fast 
activation and fast inactivation kinetics, all three transmitters must affect the R-type 
current. Also, for all three GiPCR pre-pulse facilitation reversed the inhibition of the 
peak current, indicating that the inhibition of the R-type current is mediated through 
Gβ/γ-subunits. This implies that GABAB-receptors only inhibit R-type currents and 
that D2- and Y1-receptors use another signaling mechanism such as the PKC-
dependent pathway, acting on one of the remaining Ca
2+
 currents. D2-receptors 
inhibit the N-type Ca
2+
 channel (Zhang et al., 2004). It requires further experiments 
to determine whether NPY inhibits this channel as well and whether a PKC-
dependent pathway is involved. 
 
 
Conclusion 
 
In Summary, the observed differences in inhibitory strength of the three 
GiPCRs on ICa in Xenopus melanotropes, fit nicely with the different effects these 
receptors exert on POMC-biosynthesis and on αMSH release (Dotman et al., 1996; 
Leenders et al., 1993, 1995). We propose that the specific regulation of each 
neurotransmitter on ICa contributes to the specific role the neurotransmitter has in 
the regulation of the melanotrope cell and, consequently, in the adequate 
adaptation of the animal to its environment. 
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Abstract 
 
The melanotrope cell of the amphibian Xenopus laevis is a neuroendocrine 
transducer cell that converts neuronal information about ambient light conditions 
into an endocrine output, namely the release of α-melanophore-stimulating 
hormone (αMSH). The driving force for αMSH secretion is intracellular Ca
2+
 
oscillations, which are built up by action-current induced Ca
2+
 steps. This secretion 
is regulated by collaborating chemical messengers, such as dopamine (DA), 
sauvagine and thyrotropin-releasing hormone (TRH). We have tested the 
hypothesis that synergistic action of sauvagine and TRH counteracts inhibition of 
secretion by DA. Video-imaging showed that combination treatment with TRH and 
sauvagine application reversed the DA-inhibition of Ca
2+
 oscillations in 60% of 
single melanotrope cells, whereas individual application of TRH or sauvagine was 
ineffective. The amplitude of the oscillations during treatment with TRH and 
sauvagine was reduced by 20% and the Ca
2+
 step amplitude by 58%. This 
application reversed the DA-inhibition of the action current firing in 67% of the cells: 
such cells showed an increase in action current frequency within a burst to 140%, 
whereas the action current duration was unaffected. Combined TRH and 
sauvagine application did not affect whole cell Ca
2+
 currents, which were inhibited 
by DA by 66%. Finally, the combination treatment did not reverse DA-inhibited 
peptide hormone secretion. Apparently, combined TRH and sauvagine treatment 
reverses DA inhibition of Ca
2+
 oscillations but not αMSH secretion. A possible 
explanation for this differential effect is that the DA-inhibition of Ca
2+
 currents is not 
counteracted by the combination treatment. 
 
 
Introduction 
 
Cells in multicellular organisms communicate with each other to control and 
co-ordinate their activities. Specific communication takes place through various 
types of messenger such as neurotransmitters, hormones and growth factors 
acting on receptors (Berridge, 1998). Intracellularly, second messengers transduce 
receptor activation into cellular responses. An important second messenger is the 
Ca
2+
 concentration ([Ca
2+
]i), which in secretory cells regulates various subcellular 
processes, including secretion (Berridge, 1998). Since most secretory cells receive 
multiple regulatory inputs, control of [Ca
2+
]i most likely involves complex integration 
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mechanisms. In the present study we pay attention to such Ca
2+
-related integration 
of secretion-inhibitory and stimulatory inputs. 
The melanotrope cell of the pituitary pars intermedia of the South African 
clawed toad Xenopus laevis is a suitable model to study integration during 
intracellular signal transduction, because it transduces a large number of inhibitory 
and stimulatory inputs into secretory responses (Kolk et al., 2002; Roubos et al., 
2002). Xenopus laevis is able to adapt the intensity of its skin colour to the light 
intensity of its environment. Adaptation to a dark background occurs upon release 
of α-melanophore-stimulating hormone (αMSH) from the melanotropes. This 
hormone is derived from the precursor protein proopiomelanocortin (POMC). In 
animals that are adapted to black background αMSH release is higher than in 
white-adapted animals (van Zoest et al., 1989; Wilson and Morgan, 1979). 
Melanotrope cells are regulated by multiple stimulatory and inhibitory neural 
messengers (Jenks et al., 1988; Scheenen et al., 1995; Verburg-van Kemenade et 
al., 1986a, 1987b,c). The three inhibitory neurotransmitters DA (DA), neuropeptide 
Y (NPY) and γ-aminobutyric acid (GABA) act through Gi-protein coupled receptors 
(GiPCR), the D2-, Y1- and GABAB receptors, respectively. GABA can also act on 
the GABAA receptor, which is a Cl
- 
-channel (Jenks et al., 2003; Kolk et al., 2002; 
Scheenen et al., 1994c). The inhibitions induced by the inhibitory messengers differ 
in strength and duration; a strong and long-term inhibitory role was shown for DA 
and NPY, whereas GABA has mainly short-term effects that can be easily reversed 
(Dotman et al., 1996; Lieste et al., 1996). As to the stimulatory messengers, 
actions on thyrotropin-releasing hormone (TRH) and corticotropin-releasing 
hormone (CRH) receptors are well documented: TRH has a transient stimulatory 
effect on αMSH release, whereas sauvagine, an activator of the CRH receptor, 
stimulates hormone secretion in a prolonged fashion (Dotman et al., 1997). 
Melanotrope cells may display Ca
2+
 oscillations, which are the driving force for 
αMSH secretion and are regulated by the various neural messengers (Scheenen et 
al., 1994a,c). Ca
2+
 oscillations are built up by repetitive Ca
2+
 steps that are created 
by repetitive action currents (Lieste et al., 1998).  
Whereas the effects of individual neural messengers on Ca
2+
 signaling and 
αMSH secretion have been well described, information about the way different 
neural signals are integrated by the Xenopus melanotrope, is sparse. Such 
integration occurs, for example, when light intensity and low temperature stimuli 
simultaneously act upon the cells (Roubos et al., 2005; Tonosaki et al., 2004). As 
to chemical signal integration, we recently showed that sauvagine is able to 
counteract inhibitions evoked by the GABAB receptor and the NPY-Y1 receptor 
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(Cornelisse et al., 2002; Jenks et al., 2003; Lieste et al., 1996), while, in contrast, 
sauvagine is ineffective in reversing inhibition by DA (Lieste et al., 1996). Possibly, 
multiple stimulatory factors affect different intracellular pathways that converge, so 
that the messengers can collaborate to effectively counteract the inhibition induced 
by DA. Since TRH and sauvagine act via different second messenger pathways 
(Lieste et al., 2002) these two messengers make good models to test the presence 
of such collaboration. The purpose of our study is to test the hypothesis that the 
inhibition of DA can be reversed by a synergistic action of TRH and sauvagine. To 
test this hypothesis, we have first examined the potential effects of TRH and of 
sauvagine alone, on DA-evoked inhibition of melanotrope cell activity, and then that 
of combination treatment of the cells with TRH + sauvagine. As parameters for cell 
activity, we have studied (1) Ca
2+
 oscillations and their constituting steps, (2) 
electrical membrane excitability, (3) Ca
2+
 currents through voltage-operated Ca
2+
 
channels, and (4) αMSH release as measured by dynamic video imaging, patch-
clamping and superfusion studies, respectively. 
 
 
Materials and methods 
 
Animals 
 
Eight young-adult (age: 6 months) Xenopus laevis were reared in our 
laboratory under standard conditions and kept in filtered 22°C tap water under 
constant illumination. They were fed weekly with beef heart and trout pellets 
(Trouvit; Trouw, Putten, The Netherlands), and adapted to a black background for 
three weeks before performing experiments. All experiments were carried out in 
accord with the Declaration of Helsinki and under the guidelines of the Dutch law 
concerning animal welfare, as assessed and agreed by the Committee for Animal 
Experimentation of Radboud University Nijmegen. 
 
 
Solutions and chemicals 
 
Xenopus Ringer’s solution contained 112 mM NaCl, 2 mM KCl, 2 mM CaCl2, 
15 mM HEPES (Calbiochem, La Jolla, CA, USA), 2 mg/ml glucose, pH 7.4. The 
solution was gassed with carbogen (95% O2, 5% CO2) for 20 min prior to use. For 
perfusion of the animals 0.025% MS222 (Sigma, St. Louis, MO, USA) was added. 
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For in vitro measurements of Ca
2+
 and peptide hormone secretion, 3% bovine 
serum albumin (Sigma) was added. The culture medium (XL L15) consisted of 67% 
L15 medium (Gibco, Renfrewshire, UK), 1% (v/v) kanamycin solution (Gibco), 1% 
(v/v) antibiotic/antimycotic (Gibco) solution, 2 mM CaCl2.2H2O and 10 mM glucose 
and 31 w/v Milli Q (pH 7.4). For whole-cell voltage-clamp experiments, solutions 
were used to measure specific Ca
2+
 currents; the intracellular solution consisted of 
100 mM CsCl, 2 mM CaCl2, 10 mM EGTA, 2 mM MgATP, 10 mM HEPES and 0.1 
mM cAMP (Sigma) (pH 7.2) and the extracellular solution consisted of 10 mM 
CaCl2, 15 mM HEPES, 90 mM TEACl (Sigma), 2 mM MgCl2 and 10 mM glucose 
(pH 7.4). Solutions of DA (Sigma), sauvagine (Bachem, Bubendorf, Switzerland) 
and TRH (Bachem) were prepared in Xenopus Ringer’s solution.  
 
 
Cell culture 
 
Animals were anaesthetized in tap water containing 1% MS222 and 1.5 g/l 
NaHCO3. Subsequently, they were perfused with Xenopus Ringer’s solution to 
remove blood cells. Neurointermediate lobes of pituitary glands were dissected and 
rinsed four times in XL L15 culture medium. Subsequently, the lobes were 
transferred to 1 ml dissociation medium composed of Xenopus Ringer’s solution 
without CaCl2 but containing 0.25% trypsin (Gibco), and incubated for 45 min at 
20°C. At the end of the incubation period, lobes were triturated with a Pasteur’s 
pipette, and 9 ml culture medium, containing 10% foetal calf serum (FCS) was 
added to stop enzyme activity. The resulting cell suspension was filtered through a 
course nylon gauze (mesh size: 600 µm) to remove undissociated tissue, followed 
by centrifugation for 10 min at 50 g, to concentrate the cells. The cell pellet was 
resuspended in culture medium (100 µl/lobe equivalent) and cells were plated on 
round glass cover slips coated with poly L-lysine (Sigma; MW > 300 kDa). After the 
cells had been allowed to attach for 1 h in a humidified incubator at 22ºC, 2 ml XL 
L15 culture medium containing 10% FCS was added to each dish, and cells were 
cultured for 3 days at 22°C in a humidified atmosphere before experimental use. 
 
 
Fluorescence measurements of intracellular Ca
2+ 
 
Cover slips with cells were placed in a Leiden chamber (Ince et al., 1985) and 
cells were loaded with 2 µM fura-2/AM (Molecular Probes, Eugene, OR, USA) in 1 
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ml Xenopus Ringer’s solution containing 1 µM pluronic F127 (Molecular Probes) 
and 3% FCS, for 20 min at 20ºC, after which cells were washed with Xenopus 
Ringer’s solution, for 15 min, to remove excess of extracellular non-hydrolyzed 
fura-2/AM and to allow complete intracellular de-esterification of the probe. The 
Leiden chamber was placed on the stage of an inverted microscope (Zeiss 
AxioVert 135 TV, Göttingen, Germany) and the cells were studied using an 
epifluorescent x40 magnification oil immersion objective (Zeiss). The light from a 
100 W xenon lamp (Ushio UXL S150 MO; Ushio, Tokyo, Japan) was directed 
through a quartz neutral density filter (ND 2; Ealing ElectroOptics, Holliston, MA, 
USA) to reduce bleaching of the intracellularly trapped dye. Fura-2 was excited at 
340 and 380 nm and fluorescence emission was monitored at wavelengths above 
460 nm. Experiments were controlled and analyzed with Metafluor v.4.5 software 
(Universal Imaging Corporation, Downingtown, PA, USA). Ca
2+
 oscillations were 
measured in a low-speed acquisition mode with a sample interval of 6 s, whereas 
Ca
2+
 steps were measured with a high-speed acquisition mode of 10 Hz. 
During the experiment, Ringer’s solution (control solution) was continuously 
perfused (flow rate of 0.7 ml/min) and 4 test solutions (10 nM DA, 10 nM DA + 1 
µM TRH, 10 nM DA + 1 µM sauvagine, and 10 nM DA + 1 µM TRH + 40 nM 
sauvagine) were administered via this system (for protocols, see Results). These 
concentrations were chosen since it was previously demonstrated that they exerted 
a maximal effect on Xenopus melanotropes (Lieste et al., 1996, 2002). In order to 
reduce bleaching in the high-speed Ca
2+
 experiments for the Ca
2+
 steps, the 
acquisition was stopped at the start of incubation with DA, and restarted 30 s prior 
to addition of the test solutions. 
 
 
Patch-clamp experiments 
 
All patch-clamp recordings were performed using an HEKA EPC-9 patch-
clamp amplifier (HEKA, Lambrecht/Pfaltz, Germany) and all data was filtered using 
a Bessel filter set at 12.9 kHz. Patch pipettes with a resistance between 3 and 4 
MΩ were pulled from Wiretrol II glass capillaries (Drummond Scientific Company, 
Broomall, PA, USA) using a Narishige PP-83 pipette puller (Narishige Scientific 
Instrument Laboratories, Tokyo, Japan). The cells were superfused alternately with 
Ringer’s or with one of the test solutions, using a 12-channel valve pressure 
system (ALA Scientific Instruments, New York, NY, USA). Test solutions were 
applied by a 100 µm tube placed 100 µm from the cells. Cell-attached patch-clamp 
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recordings were performed in voltage clamp mode with a pipette potential of 0 mV. 
Action potentials cause biphasic current events (action currents) in the cell-
attached patch. This biphasic shape is mainly due to the capacitive current, which 
is shaped as the first derivative of the action potential (Cornelisse et al., 2002). 
Total Ca
2+ 
currents were measured in the whole-cell voltage-clamp patch-clamp 
configuration. Voltage steps of 250 ms from a holding potential of –80 mV to 10 mV 
were applied with a time interval of 15 s. Whole-cell patch-clamp recordings were 
corrected for leak using the internal algorithm of the amplifier (P/n=4). Series 
resistances of the cells upon breaking into the whole-cell configuration were 7±1 
M  and membrane capacitances (Cslow values) were 9 ± 2 pF (mean ± standard 
error of the mean, SEM; N=7).  
 
 
Superfusion 
 
Dissociated melanotropes were resuspended in 50 µl lysine-free XL15 with 
10% dialyzed FCS containing 62.5 µCi 
3
H-lysine (80 Ci/mM; Amersham, 
Buckinghamshire, UK). Then cells were plated on poly-L-lysine-coated cover slips 
and allowed to attach for 1 h at 22ºC, after which 50 µl lysine-free XL15 with 20% 
dialyzed FCS was added. After an incubation period of 16 h at 22ºC, 2 ml lysine-
free XL15 with 10% FCS was added and cells were incubated for another 24 h at 
22ºC. Subsequently, cover slips were rinsed three times with Xenopus Ringer’s 
solution and placed individually in 4-well culture dishes (Nunclon, Roskilde, 
Denmark) in Ringer’s solution. Cells were superfused with Ringer’s solution at a 
rate of 100 µl/min. Fractions of 2 min were collected, 200 µl scintillation liquid 
(Optiphase Supermix; Wallac, Loughborough, UK) was added to each fraction, and 
the amount of radiolabelled peptides in each fraction was determined with a 
scintillation counter (Wallac). The average amount of radioactivity in the three 
fractions immediately preceding the first pulse of DA was set at 100%, and the 
amount of radioactivity of all other fractions was expressed relative to this value. It 
was previously shown that, following this protocol, about 35% of the radioactivity in 
the superfusate is unincorporated 
3
H-lysine, while approximately 65% reflects the 
secretion of radiolabelled αMSH and of other POMC-derived peptides (Scheenen 
et al., 1995). 
 
 
Results 
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Intracellular Ca
2+
 oscillations  
 
From the melanotrope cells isolated from the pituitary gland of Xenopus 
laevis, 87% display spontaneous oscillations of the intracellular [Ca
2+
]. DA (10 nM) 
blocks these Ca
2+
 oscillations within a few seconds in all cells. After washout of DA 
Ca
2+
 oscillations return (Fig. 1). Adding TRH (1 µM) to DA-inhibited melanotropes 
induces a small increase in [Ca
2+
]i in 65% cells (13 out of 20 cells, 3 independent 
experiments; Fig. 1A). The small TRH-induced Ca
2+
 transient lasts for about 1 min. 
TRH does not induce Ca
2+
 oscillations under the DA inhibition. Adding sauvagine 
(40 nM) to DA-inhibited cells does not induce Ca
2+
 oscillations (13 cells, 2 
independent experiments; Fig. 1B), confirming the results of our previous study 
(Lieste et al., 1996). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Effect of TRH and sauvagine on [Ca2+]i in melanotrope cells that 
are inhibited by DA. A TRH evoked a small transient rise in the [Ca2+]i in this cell. B 
Sauvagine had no effect. 
 
 
In contrast to the single application of 1 µM TRH or 40 nM sauvagine, the 
combination treatment reintroduces Ca
2+
 oscillations in 63% of the DA-inhibited 
cells (16 out of 26 cells, 4 independent experiments; Fig. 2A). The amplitude of 
Ca
2+
 oscillations in the control period is 1.0 ± 0.1, which is completely blocked by 
DA. After treated with the combination of sauvagine and TRH, the amplitude of 
Ca
2+
 oscillations is 0.8 ± 0.1, i.e., 20% smaller than the oscillations during the 
control period (Fig. 2B; P < 0.01). During the washout period the amplitude of the 
oscillations is 1.2 ± 0.1, which is 30% higher than during the control period (Fig. 2B; 
P < 0.05) and 50% higher than during combination treatment (P < 0.001). The peak 
interval time decreased during the experiments, i.e., the frequency increased, but 
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this appeared to be an experimental artefact since no treatment-specific effect on 
this phenomenon was observed (Fig. 2C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Effect of combination treatment with sauvagine and TRH on Ca2+ oscillations 
that are inhibited by DA. A, Different responses of Ca2+ oscillations to combination 
treatment. A1 Strongly reduced amplitude; A2 Moderately reduced amplitude; A3 Mixed 
response. B Quantification of the effect of the combination treatment on oscillation amplitude, 
which is reversibly reduced; C No treatment effect was observed on the oscillation 
frequency, expressed as peak interval time (dT). Open bars represent control conditions, 
black bars represent combination treatment and grey bars represent washout conditions. *, 
P < 0.05; **, P < 0.01; ***, P < 0.001. 
 
 
Ca
2+
 steps 
 
To investigate whether the reduction in oscillation amplitude was due to the 
amplitude of the Ca
2+
 steps, high speed calcium imaging experiments were 
performed. Fig. 3A shows a typical example of such experiments. Fig. 3B shows an 
enlargement of part of the recording during the control period (B1) and during the 
combination treatment (B2). The Ca
2+
 step amplitude during the control period is 
0.06 ± 0.007 and during the treatment 0.03 ± 0.009, indication a reduction by 58% 
(Fig. 3C; P < 0.05). 
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Action current firing 
 
We performed cell-attached patch-clamp experiments to investigate whether 
action current firing is affected by the combination treatment with TRH and 
sauvagine. In the control period clear bursts of spontaneous action currents were 
observed (n = 9; Fig. 4A). The intraburst interval, i.e., the time between individual 
action currents within a burst is 0.96 ± 0.08 s (Fig. 4B). The action current duration, 
expressed as the interval between the positive and negative peak is 17.20 ± 4.11 
ms (Fig. 4C). The amplitude of the action currents was not determined, since it 
decreased during the experiments due to changes in seal resistance (Fig. 4A). The 
action currents are reversibly blocked by DA. Combination treatment counteracts 
DA-induced inhibition of action current firing in 6 out of 9 cells (Fig. 4A; 9 
independent experiments). The intraburst interval during the combination treatment 
is 0.62 ± 0.09 s, which is a reduction of 35% when compared to control value (P < 
0.05, Fig. 4B). Moreover, the number of action currents in a burst increases during 
combination treatment by 140% when compared to the control situation. The 
duration of the action currents during combination treatment is 20.6 ± 7.8 ms, a 
value not significantly different from that in the control situation (Fig. 4C).  
 
 
Total Ca
2+
 current 
 
To test whether the reduced amplitude of the Ca
2+
 steps is due to a reduced 
Ca
2+
 current, whole-cell voltage-clamp patch-clamp studies were performed. 
Voltage steps of 250 ms with 15 sec intervals were applied from a holding potential 
of –80 mV to +10 mV. In the control period the evoked Ca
2+
 current has an 
amplitude of –578.0 ± 7.5 pA. Application of 1 µM TRH together with 40 nM µM 
sauvagine, does not change the amplitude of the Ca
2+ 
current (–470.0 ± 102.9 pA; 
P > 0.05). When TRH and sauvagine are applied together with 1 µM DA, the 
amplitude of the current is reduced to –250.0 ± 110.5 pA (P < 0.01). This means 
that 66% of the total Ca
2+
 current is inhibited, which is similar to the inhibition of 
Ca
2+
 currents by  DA alone, indicating that the TRH + sauvagine combination has 
no effect on the  DA-evoked inhibition of the
 
currents (Fig. 5A,B; 3 independent 
experiments).  
 
 
Peptide hormone secretion  
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Figure 3. Effect of combination treatment with sauvagine and TRH on Ca2+ 
steps. A Example of a total recording; B1 Enlargement of a control segment; B2 
Enlargement of combination treatment segment; C Quantification of the Ca2+ step 
amplitude shows a reduction during combination treatment. Open bar represents 
control condition and black bar represents combination treatment. *, P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Effect of the combination treatment on action current firing. A 
Example trace of an action current recording; B Quantification of the intraburst 
interval; C Quantification of the action current duration. Open bars represent control 
conditions, black bars represent combination treatment and grey bars represent 
washout conditions. *, P < 0.05. 
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In the control period of the superfusion studies, a strong, spontaneous peptide 
secretion was observed (Fig. 6; 8 chambers, 2 independent experiments). This 
secretion is effectively inhibited by DA to 44.1 ± 4.6% of control value (P < 0.001), 
an inhibitory effect that is reversible, since it returns to control level upon washout 
of DA. During combination treatment with sauvagine and TRH, secretion is 48.1 ± 
6.2% of control level, which is very similar to that of during DA-inhibition (Fig. 6).  
 
 
Discussion 
 
Ca
2+
 oscillations and action current firing 
 
Our data show that an application of TRH alone and of sauvagine alone does 
not counteract the strong inhibition of Ca
2+
 oscillations by DA. Application of TRH 
and sauvagine together (combination treatment), however, very effectively 
counteracted this inhibition by DA, as in 63% of the cells Ca
2+
 oscillations 
reappeared. These results strongly support our hypothesis that the inhibition of DA 
can be reversed by a synergistic action of TRH and sauvagine. The combination 
treatment did not totally counteract the DA-inhibition. This is most likely due to the 
fact that TRH only stimulates approximately 67% of the melanotrope cells (Lieste et 
al., 2002), a finding that we confirm in this study: under DA-inhibition, TRH only 
induces a small, single Ca
2+
 transient in 67% of the cells. 
The question arises as to the mechanism of this synergy. DA inhibition of Ca
2+
 
oscillations in Xenopus melanotropes can be counteracted by a simultaneous 
application of 8-Br-cAMP and a high [K
+
]e, whereas individual application of these 
chemicals was ineffective (Lieste et al., 1996). 8-Br-cAMP will stimulate PKA 
production, and thus PKA-dependent phosphorylation, whereas a high [K
+
]e 
depolarizes the melanotrope cell (Lieste et al., 1996). Therefore, it seems likely 
that, the cAMP-PKA pathway is stimulated and at the same time the membrane 
potential depolarized, in order to counteract DA-inhibition of melanotrope cells. 
Sauvagine and TRH act on two different intracellular signaling pathways. 
Sauvagine stimulates the cAMP/PKA pathway (Lieste et al., 1996), and inhibits K
+
 
currents (Cornelisse et al., 2002). TRH acts through a non-PLC pathway, possibly 
involving an action on K
+
 currents (Lieste et al., 2002). Consequently, we propose 
that a combination treatment with sauvagine and TRH simultaneously stimulates 
the cAMP/PKA pathway and depolarizes the cell membrane, to subsequently 
counteract DA-induced inhibition of Ca
2+
 oscillations.  
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Figure 5. Effect of combination treatment on whole-cell Ca2+ currents. A, 
Recordings of the Ca2+ currents under different treatments; (a) control; (b) TRH and 
sauvagine; (c) DA, TRH and sauvagine. B, Quantification of the current amplitude 
in the first 10% of the voltage step. Open bars represent control conditions, grey 
bars represent treatment of TRH and sauvagine, and black bars represent 
treatment of DA, TRH and sauvagine. *, P < 0.05; **, P < 0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Effect of the 
combination treatment on in vitro 
peptide hormone secretion. 
Radioactivity was determined in 2 
minute fractions. The three fractions 
prior to the application of dopamine 
were averaged and this mean value 
was set to 100%. Radioactivity in all 
other fractions was calculated as 
percentage to this. 
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Although Ca
2+
 oscillations reappear in the majority of the cells when 
sauvagine and TRH are applied under DA-inhibition, their amplitude is not fully 
restored. Ca
2+
 oscillations are built up of Ca
2+
 steps that are driven by action 
current firing (Lieste et al., 1998). Therefore, the question arises whether the lower 
amplitude of Ca
2+
 oscillations after combination treatment is the result of a lower 
number of Ca
2+
 steps within an oscillation or of a reduced amplitude of the 
individual Ca
2+
 steps, or of both. Our cell-attached patch-clamp experiments 
demonstrate that the number of action currents during the combination application 
is higher than during the control period. Since each action current is followed by a 
Ca
2+
 step, it can be concluded that the reduced Ca
2+
 oscillation amplitude is not 
caused by a reduction in the number of Ca
2+
 steps. The study with high-speed Ca
2+
 
imaging reveals that the amplitude of the individual Ca
2+
 steps during the 
combination treatment is reduced compared to the control period. In fact, the 
amplitude of the individual Ca
2+
 steps is more strongly reduced than that of the 
Ca
2+
 oscillation amplitude. The reduced amplitude of the Ca
2+
 oscillations is 
therefore likely due to an increased number of Ca
2+
 steps with strongly reduced 
amplitudes. 
 
 
Whole-cell Ca
2+
 currents 
 
Next the question arises as to the cause of the reduced Ca
2+
 step amplitude. 
In Xenopus melanotrope cells, Ca
2+
 steps arise from Ca
2+
 influx through voltage-
operated Ca
2+
 channels (Lieste et al., 1998). Since the duration of the action 
current is not affected by the combination treatment, the time for Ca
2+
 influx per 
action current apparently remains unaffected. Our whole-cell voltage-clamp 
experiments demonstrate that combination treatment with TRH and sauvagine 
does not affect the inhibition by DA of Ca
2+
 currents. Xenopus melanotrope cells 
possess all four classes of high-voltage operated Ca
2+
 channels (VOCC; Zhang et 
al., 2005) and D2-receptor activation inhibits R- and N-type Ca
2+
 channels (Zhang 
et al., 2004). Therefore we assume that TRH and sauvagine do not affect the DA-
inhibition of N- and R-type VOCCs. The reduction of Ca
2+
 step amplitude may be 
due to reduced Ca
2+
 influx during the combination treatment. It is interesting that 
the combination treatment does not reverse the DA-inhibition on R- and N-type 
VOCC. These two channel types are necessary for Ca
2+
 influx during the 
spontaneous Ca
2+
 oscillations (Scheenen et al., 1994c; Zhang et al., 2005). 
Therefore, the Ca
2+
 oscillations during the combination treatment are evoked by 
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Ca
2+
 influx through one, or both, of the remaining L- and P/Q-type VOCC on the 
Xenopus melanotrope membrane, which are not inhibited by DA (Zhang et al., 
2004, 2005).  
 
 
Peptide hormone secretion 
 
Spontaneous Ca
2+
 oscillations are the driving force for secretion, and these 
oscillations are generated by Ca
2+
 influx through N- and R-type VOCCs (Jenks et 
al., 2003, Zhang et al., 2005). Since TRH + sauvagine counteract DA-inhibition of 
Ca
2+
 oscillations, but not on N- and R-type VOCCs it is interesting to see what their 
effect is on hormone secretion. Combination treatment did not counteract the DA 
inhibition of peptide secretion. Apparently, Ca
2+
 influx through N- and R-type, and 
not through L- and P/Q-type VOCCs is necessary for secretion. These results are 
different from the situation in rat melanotropes, where Ca
2+
 influx induced hormone 
secretion through any class of VOCC (Mansvelder and Kits, 2000a). Possibly, in 
Xenopus melanotrope cells N- and R-type, but not L- and P/Q-type, are situated 
close to release sites. Such colocalization of channels with releasable secretory 
granules has been demonstrated for neurons (Albillos et al., 2000; Fisher and 
Bourque, 2001; Wu et al., 1999). In this case, Ca
2+
 influx through N- and R-type 
VOCCs would increase [Ca
2+
]i near the granules sufficiently to induce granule 
fusion with the plasma membrane, whereas Ca
2+
 influx through L- and P/Q-type 
VOCCs does not. Since the combination treatment is ineffective in reversing the 
DA-inhibition of R- and N-type Ca
2+
 VOCC as well as of peptide secretion, the 
physiological role of the returning Ca
2+
 oscillations during the combination 
treatment remains to be elucidated. Possibly, they are involved in the animal 
response to cold temperatures since TRH is an important regulator of melanotrope 
activity during ambient temperature decrease (Tonosaki et al., 2004). 
 
 
Conclusion 
 
Multiple action of inhibitory and synergistically acting stimulatory neural factors 
may tune the activity of the Xenopus melanotrope cell, and hence possibly the 
darkening of the skin. Such tuning might be important during complex 
environmental changes, e.g. of background light intensity and ambient 
temperature.  
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Abstract 
 
Much is known about molecular steps in Ca
2+
-dependent regulation of high-
voltage-operated Ca
2+
 channels in excitable cells, but the relation of this regulation 
with the cell’s secretory activity is largely obscure. This study demonstrates that 
melanotrope neuroendocrine cells in the pituitary gland from white background-
adapted Xenopus, which have a low secretory activity, have a smaller total Ca
2+ 
current density (-24.9 ± 4.9 pA/pF) than melanotropes from black-adapted animals 
(-41.1 ± 4.9 pA/pF). However, their Ca
2+
-dependent inactivation is 20% larger than 
in black-adapted cells. L-type Ca
2+ 
currents (ICa) of black-adapted cells show 
activation and inactivation kinetics different from that of white-adapted cells, which 
is caused by a 6 times smaller Ca
2+
-dependent inactivation. Furthermore, black-
adapted cells lack low-voltage-activated ICa present in melanotropes from white-
adapted Xenopus. These results indicate that both Ca
2+
-dependent L-type HVA 
channels and expression of LVA channels transduce external regulatory 
information into intracellular signals that control cellular secretory activity in 
Xenopus melanotropes.  
 
 
Introduction 
 
In excitable cells, Ca
2+
 influx takes place through voltage-operated Ca
2+
 
channels that can be either low- or high-voltage activated (Brueggemann et al., 
2005; Ikeda and Matsumoto, 2003; Mansvelder and Kits, 2000a,b; Maruthainar et 
al., 1992). Several types of high-voltage-activated Ca
2+
 (HVA) channel exist, each 
with specific activation and inactivation kinetics (for review, see Catterall et al., 
2003). Kinetics of HVA depend not only on voltage but also on Ca
2+
 (Chaudhuri et 
al., 2004; Liang et al., 2003; Zühlke and Reuter, 1998; Zühlke et al., 1999). 
Especially the inactivation of L-type channels depends on Ca
2+
 (for review, see 
Cens et al., 2005). In recent years detailed information has been obtained about 
the nature of Ca
2+
-dependent regulation of HVA channels. Upon passing the 
channel, Ca
2+ 
binds to calmodulin that is constitutively bound to the channel’s pore-
forming α1-subunit, which inactivates the channel (Chaudhuri et al., 2004; Erickson 
et al., 2003; Kim et al., 2004). By this feedback mechanism, the amount of Ca
2+
 
ions passing the cell controls the channel’s own Ca
2+ 
conductivity. The question 
arises if this feedback mechanism is functioning at a fixed level, or that it is subject 
to external regulation, for instance by neurochemical messengers that control the 
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cell’s secretory state by acting on one or more components of the channel-
calmodulin system. The aim of the present study is to contribute to answering this 
question, by testing the hypothesis that Ca
2+
-dependent HVA channels differ in 
kinetics in cells which activity state has been changed by external factors.  
For this purpose, we have studied L-type channel kinetics of the 
neuroendocrine melanotrope cells in the pituitary gland of the amphibian Xenopus 
laevis. Xenopus melanotrope cells secrete α-melanophore-stimulating hormone 
(αMSH) that makes the animal‘s skin turn black under dark background and low 
temperature conditions (Jenks et al., 1993; Roubos, 1997; Tonosaki et al., 2004). 
The neuronal and neuroendocrine pathways the external light and temperature 
stimuli follow to eventually control melanotrope secretory activity have been 
elucidated into much detail (Kramer et al., 2001; Roubos, 1997; Roubos et al., 
2005; Tonosaki et al., 2004). In brief, a number of brain centers produce 
stimulatory as well as inhibitory factors (neurotransmitters, neurohormones) that 
act either directly, via synapses, as in the case of dopamine (DA), γ-amnino butyric 
acid (GABA) and neuropeptide Y (NPY), or indirectly, in a neurohormonal fashion, 
as shown for thyrotropin-releasing-hormone (TRH), corticotropin-releasing-
hormone (CRH) and urocortin 1 (Ucn1), on the melanotrope. Moreover, 
melanotrope cells produce auto-excitatory factors, such as acetylcholine and brain-
derived neurotrophic factor (BDNF) (Kolk et al., 2002; Kramer et al., 2002; Wang et 
al., 2004). Most of these factors act via G-protein-coupled receptors and 
intracellular Ca
2+
 signaling, on aspects of melanotrope cellular activity, such as 
nuclear and cell size and biosynthesis and release of αMSH (de Rijk et al., 1990; 
Dotman et al., 1998; Kramer et al., 2001; Maruthainar et al., 1992; Roubos, 1997). 
Recently, we started studying the possible involvement of HVA channels in the 
regulation of Xenopus melanotrope cell activity. Active melanotrope cells, taken 
from black background-adapted animals, possess L-, N- P/Q- and R-type HVA 
channels and no low-voltage activated Ca
2+
 channels (Zhang et al., 2005). 
Furthermore, activation of dopamine D2- and NPY Y1-receptors inhibits both N- and 
R-type Ca
2+
 channels whereas activation of GABAB receptors inhibits R-type Ca
2+
 
channels (Zhang et al., 2004). Nothing is known of a possible regulation of HVA L-
type channels.  
In the present study, whole-cell voltage-clamp patch-clamp experiments were 
performed on inactive and active melanotropes, derived from Xenopus adapted to 
either a white or a black background, respectively. First, the general current-
voltage relationships in the two cellular activity states were compared. Then focus 
was placed on the L-type channel, testing our hypothesis that Ca
2+
-dependent 
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regulation of this channel depends on external regulatory information, in our case 
background light intensity.  
 
 
Materials and methods 
 
Animals 
 
Sixty-four young-adult (age: 6 months) Xenopus laevis were reared in our 
laboratory under standard conditions and kept in filtered 22°C tap water under 
constant illumination. They were fed weekly with beef heart and trout pellets 
(Trouvit; Trouw, Putten, The Netherlands) and adapted to a black background for 
three weeks before performing experiments. All experiments were carried out in 
accord with the Declaration of Helsinki and under the guidelines of the Dutch law 
concerning animal welfare, as assessed and agreed by the Committee for Animal 
Experimentation of Radboud University Nijmegen. 
 
 
Melanotrope cell culture 
 
Cells were prepared as described previously (Zhang et al., 2005). In short, 
after anaesthetization, animals were perfused with Xenopus Ringer’s solution (112 
mM NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM HEPES, 10 mM glucose; pH 7.4) 
containing 0.025% (w/v) MS222 (Sigma Chemical, St. Louis, MO, USA), to remove 
blood cells. The neurointermediate lobe of the pituitary gland was rapidly dissected 
and rinsed four times in Xenopus laevis (XL)-L15 culture medium consisting of 67% 
L15 medium (Invitrogen, Paisley, UK), 1% kanamycin, 1% antibiotic/antimycotic 
solution (Life Technologies, Rockville, MD, USA), 2 mM CaCl2, 10 mM glucose (pH 
7.4) and 31% Milli Q. After incubating for 45 min in Xenopus Ringer’s solution 
without CaCl2 but with 0.25% trypsin (Life Technologies), the enzymatic reaction 
was stopped by adding XL-L15 containing 10% foetal bovine serum (Invitrogen) 
and lobes were dissociated by gentle trituration through a sliconized Pasteur’s 
pipette. Per cell suspension, five lobes were pooled. The suspension was then 
filtered and centrifuged at 50 g for 10 min. The cell pellet was resuspended in XL-
L15 (100 µl/lobe equivalent) and cells were plated on a glass cover slip coated with 
poly-L-lysine (Mw>300 kDa; Sigma Chemical). After allowing the cells to attach to 
the glass surface for 1 hr at 22°C, 2 ml XL-L15 containing 10% foetal bovine serum 
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was added, and cells were kept in a humidified atmosphere, for 3 days at 22°C, 
before use. 
 
 
Electrophysiological experiments 
 
Electrophysiological recordings were performed using an EPC-9 patch clamp 
amplifier and Pulse-pulsefit software (v.8.63, HEKA, Lambrecht/Pfaltz, Germany) 
as described previously (Zhang et al., 2005). Data were filtered with a Bessel filter 
set at 12.9 kHz. Patch pipettes were pulled from Wiretrol II glass capillaries 
(Drummond Scientific, Broomall, PA, USA) using a PP-83 pipette puller (Narishige 
Scientific Instrument Laboratories, Tokyo, Japan), and had a resistance between 3 
and 5 MΩ after polishing.  
To record Ca
2+
 current in the whole-cell voltage-clamp patch-clamp 
configuration, the intracellular solution contained 100 mM CsCl, 2 mM CaCl2, 10 
mM EGTA, 2 mM MgATP, 0.1 mM cAMP and 10 mM HEPES (pH set to 7.2 with 
CsOH) and the extracellular solution contained 10 mM CaCl2, 15 mM HEPES, 90 
mM TEACl and 2 mM MgCl2 (pH set to 7.4 with TEAOH). For experiments on Ca
2+
-
dependent channel regulation, the CaCl2 in the extracellular was replaced by 10 
mM BaCl2 because Ba
2+
 has similar conductance characteristics for Ca
2+
 channels 
as Ca
2+
, but does not, unlike Ca
2+
, change Ca
2+
 channel kinetics (Imredy and Yue, 
1994; Lee et al., 2000; Yue et al., 1990; Zühlke and Reuter, 1998; Zühlke et al., 
1999). Voltage-dependent current activation curves were acquired by incremental 
250 ms depolarizing pulse of 10 mV to 60 mV from a holding potential (HP) of –80 
mV. To investigate Ca
2+
-dependent kinetics, Ca
2+ 
or Ba
2+
 currents were elicited by 
250 ms test pulses to 10 mV from HP of –80 mV, applied at 15 s intervals. Currents 
were recorded and corrected for leak (P/n=4) using the internal algorithm of the 
amplifier. All experiments were carried out at 20
o
C. 
 
 
Drug application 
 
Drug-containing solutions were applied by a 12-channel valve pressure 
system (ALA DAD-12, Scientific Instruments, New York, NY, USA) through a small 
tube placed at a distance of 100 µm from the cells. The level of the bath solution 
was kept constant by means of a suction device. Nifedipine was obtained from 
Sigma Chemical and dissolved in EtOH to a stock solution of 10 mM before diluting 
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it to a final concentration of 10 µM in extracellular solution. All other chemicals 
were from Merck (Darmstadt, Germany).  
 
 
Data analysis 
 
Electrophysiological data were analyzed with Origin 6.1 (Microcal Software 
Inc, Northampton, OR, USA) and FitMaster 2.0 (HEKA). The amplitudes of three 
variables, namely the total Ca
2+
 currents (ICa) or Ba
2+
 currents (IBa) (mean of 1% to 
99% of the depolarizing time), the peak current (Ipeak; mean of 1% to 6% of the 
depolarizing time) and the sustained current (Isust; mean of 94% to 99% of the 
depolarizing time), were compared under conditions with or without nifedipine. 
Nifedipine effects on the ICa or IBa were calculated using the following formula: 
Iinhibited = (Icontrol – Inife)/Icontrol, in which Iinhibited represents the inhibition of the total ICa 
or IBa, peak current or sustained current by nifedipine, Icontrol is the control current 
amplitude of the three parameters, and Inife is the current amplitude of the three 
parameters in the presence of nifedipine (Zhang et al., 2004, 2005). Data were 
statistically analyzed with a Student’s t-test (α=5%) and presented as means ± 
standard error of the mean (SEM). 
 
 
Results 
 
Activation current-voltage (I-V) relationships of ICa in black- versus white-adapted 
melanotropes 
 
The involvement of LVA and HVA ICa in the total ICa was characterized on the 
basis of the current-voltage (I-V) relationship. It was previously shown (Zhang et al., 
2005) that black-adapted melanotropes express only HVA ICa. Figure 1 shows 
examples of the I-V relationship of the ICa in black- and white-adapted 
melanotropes. A striking difference was found between these two activity states as 
most (89 %) of the white-adapted cells revealed activation of ICa in a more negative 
voltage range than black-adapted cells, showing the presence of LVA ICa. Apart 
from the presence of LVA ICa, the HVA ICa of white-adapted melanotropes (n=5) 
reaches its maximal value at Vmax of 4.6 ± 1.8 mV, which is markedly less than for 
black-adapted cells (13.9 ± 2.6 mV; P < 0.05; n=8). 
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Ca
2+
 current density in black- versus white-adapted melanotropes 
 
In order to determine HVA current density, both ICa and membrane 
capacitance were measured in black- and white-adapted melanotropes. Membrane 
capacitance (Cm), indicating cell size, was almost 3 times higher for black-adapted 
cells (9.7 ± 0.9 pF; n=13) than for white-adapted cells (3.2 ± 0.4 pF; n=9; P < 
0.001). Examples of ICa evoked by depolarizing from –80 mV to 10 mV in black- 
and white-adapted melanotropes are shown in Figure 2. The total ICa to 10 mV of 
black-adapted cells (-400.5 ± 57.6 pA) was strikingly higher (more than 5 times; P 
< 0.001) than of white-adapted melanotropes (–76.9 ± 18.7 pA). Current density, 
calculated as the amount of ICa per cell-surface-area (ICa/Cm) is almost twice as 
high in black-adapted cells (–41.1 ± 4.9 pA/pF) as compared to white-adapted cells 
(–24.9 ± 4.9 pA/pF; P < 0.05). 
Fig. 1. Current-voltage (I-V) 
relationships of total Ca2+ currents 
(ICa) in Xenopus laevis melanotrope 
cells. The total ICa, response to 
incremental 10 mV depolarizing 
pulses from a holding potential (HP) of 
–80 mV to 60 mV, was plotted to the 
depolarizing voltage. A black-adapted 
melanotrope cells (n = 7). B white-
adapted melanotrope cells (n = 5). 
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Black-adapted melanotropes display L-type ICa (Zhang et al., 2004, 2005). 
Using the L-type Ca
2+
 channel blocker nifedipine, properties of the L-type ICa in 
black- and white-adapted melanotropes were compared (Fig. 2). In white-adapted 
cells nifedipine inhibited ICa by 20.3 ± 4.0% (n=9), which is not statistically different 
to the inhibition (24.2 ± 2.4%; n=13) in black-adapted ones (Fig. 3A). The peak 
current of white-adapted cells was more affected by nifedipine (-24.1 ± 3.9%, P < 
0.05) than the sustained current (-13.8 ± 3.9%). In contrast, in black-adapted 
melanotropes nifedipine inhibits as much as 29.5 ± 3.0% of the sustained current 
but only 10.1 ± 1.4% (P < 0.001) of the peak current (Fig. 3A). In black-adapted 
melanotropes, the average L-type ICa was –104.5 ± 19.1 pA and the current density 
was –10.6 ± 1.6 pA/pF, whereas in white-adapted cells these values were 
considerably lower, i.e., –14.5 ± 4.6 pA and –4.9 ± 1.8 pA/pF, respectively (P < 
0.05).  
The inactivation kinetics of the ICa were investigated by using the ratio of the 
sustained current and peak current (Rinactivation = Isustained/Ipeak) (Lee et al., 2000; 
Zühlke et al., 1999). The Rinactivation of white-adapted cells was 0.6 ± 0.04, which is 
lower than in black-adapted cells (0.7 ± 0.03; P < 0.05; Fig. 3B). Upon nifedipine 
application, the Rinactivation of white-adapted cells increased to 0.7 ± 0.04 (P < 0.05), 
whereas in black-adapted cells nifedipine reduced the Rinactivation to 0.6 ± 0.03 (P < 
0.001). The Rinactivation of L-type current in white-adapted cells appears almost 6 
times larger than that of black-adapted cells (P < 0.01), as appears from 
subtracting the current under nifedipine from the control current (Fig. 2A, B): 
Rinactivation of L-type ICa for black-adapted melanotropes is 2.4 ± 0.3 but for white-
adapted cells only 0.4 ± 0.1 (P < 0.05; Fig. 3B).  
 
 
Ca
2+
 dependence of ICa in black- versus white-adapted melanotropes 
 
In this set of experiments Ba
2+
 was used as the carrier ion. In black-adapted 
cells the Cm was substantially higher P < 0.01 (12.9 ± 2.1 pF; n = 7) than in white-
adapted ones (5.4 ± 0.5 pF; n = 6; P < 0.01). The total IBa of black- and white-
adapted cells was –840.3 ± 96.0 pA and –202.5 ± 39.0 pA, respectively (P < 0.001; 
Fig. 2C, D). The current density is almost two times larger in black-adapted (–69.0 
± 5.4 pA/pF) than in white-adapted cells (–37.0 ± 5.1 pA/pF; P < 0.01). In black-
adapted cells, the current density of IBa was 40% larger than ICa (P < 0.01), 
whereas for white-adapted cells no difference for this density was found. 
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Fig. 2. Examples of ICa and Ba
2+ currents (IBa) in Xenopus laevis melanotrope 
cells. ICa and IBa were evoked by 250 ms depolarization from HP of –80 mV to 10 mV. 
(a) the control current; (b) the current in the presence of 10-5 M nifedipine; (c) the L-
type current, obtained by subtracting the current in the presence of nifedipine from 
the control current. A the ICa of black-adapted melanotropes; B the ICa of white-
adapted melanotropes; C the IBa of black-adapted melanotropes; D the IBa of white-
adapted melanotropes. 
 
 
To investigate the Ca
2+
-dependence of L-type Ca
2+
 currents, nifedipine was 
applied to the IBa of black- and white-adapted melanotropes (Fig. 2C, D). Nifedipine 
inhibits the total IBa of white-adapted cells by 21.6 ± 2.3% (n = 6) and of black ones 
by 17.8 ± 2.3% (n = 7) (Fig. 3C). In white-adapted cells, nifedipine inhibits the peak 
and sustained current of the IBa by 16.5 ± 1.4% and 24.0 ± 2.2%, respectively (P < 
0.01). In black-adapted cells these values were lower. i.e., 10.8 ± 2.4% and 20.6 ± 
2.0%, respectively (P < 0.001; Fig. 3C), but the average L-type IBa was 
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Fig. 3. Percentage inhibitions of the ICa and IBa by nifedipine and the changes of 
the ratio of inactivation (Rinactivation) in black- (black bar) and white-adapted (white bar) 
Xenopus laevis melanotrope cells. A nifedipine-induced inhibitions of the total ICa, 
peak current and sustained current; B the Rinactivation of the control ICa, the ICa in the 
presence of nifedipine and the L-type ICa; C nifedipine-induced inhibitions of the total 
IBa, peak current and sustained current; D the Rinactivation of the control IBa, the IBa in 
the presence of nifedipine and the L-type IBa. Statistics: *, P < 0.05; **, P < 0.01; ***, 
P < 0.001. 
 
 
 
–151.4 ± 25.1 pA, which is much larger than that of white-adapted cells (-42.2 ± 6.4 
pA; P < 0.01). However, the current density of L-type IBa did not differ among the 
activity states (black: –12.0 ± 1.4 pA/pF; white: –8.0 ± 1.2 pA/pF).  
The Rinactivation of IBa is 0.7 ± 0.03 for white-adapted cells, which is similar as 
that of black-adapted cells (0.8 ± 0.04; Fig. 3D). In the presence of nifedipine, the 
Rinactivation of white- and black-adapted cells were reduced to 0.6 ± 0.03 (P < 0.01) 
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and 0.7 ± 0.05 (P < 0.001) but did not show a difference from each other (Fig. 3D). 
The Rinactivation of the L-type IBa in black-adapted cells was 2.3 ± 0.8, a value similar 
to that of L-type ICa (2.4 ± 0.3). However, in white-adapted cells the Rinactivation for IBa 
was 1.0 ± 0.1, which is much larger than that of L-type ICa (0.4 ± 0.1; P < 0.001). 
 
 
Discussion  
 
We have tested the hypothesis that Ca
2+
-dependent regulation of the HVA L-
type Ca
2+
 channel in Xenopus laevis melanotrope cells depends on external 
regulatory information, i.e., background light intensity. Our data strongly support 
this hypothesis, as they show that the inactivation kinetics of the total ICa of white-
adapted melanotropes is faster than that of black-adapted melanotropes, which is 
likely induced by stronger Ca
2+
-dependent inactivation. The Ca
2+
-dependent 
inactivation property of HVA Ca
2+
 channels can adequately be studied using Ba
2+
 
ions as charge carrier (Cox and Dunlap, 1994; Lee et al., 1985, 1999, 2000; Zühlke 
and Reuter, 1998; Zühlke et al., 1999). Upon replacing extracellular Ca
2+
 by Ba
2+
, 
no difference in inactivation ratio between white- and black-adapted cells was 
noted, demonstrating that the ICa of white-adapted cells, indeed, has stronger Ca
2+
-
dependent inactivation properties than black-adapted cells. Similarly, after 
replacing Ca
2+
 by Ba
2+
, the kinetics of the L-type current of black- and white-
adapted melanotropes do not differ. Recently, splice-variant dependent Ca
2+
-
regulation of P-type Ca
2+
 channels during postnatal development has been 
described in cerebellar Purkinje neurons (Chaudhuri et al., 2005). Although among 
HVA channels, the L-type channel has the strongest Ca
2+
-dependent regulation 
(Cens et al., 2005) which could account for the Ca
2+
dependent effects on the total 
ICa in white- and black Xenopus melanotropes, a possible involvement of Ca
2+
-
dependent regulation of P/Q-type ICa cannot be excluded.  
Whether the difference in Ca
2+
-dependent L-type channel regulation is caused 
by different calmodulin concentrations, different affinities of the Ca
2+
 channel α1 
subunit for calmodulin, differences in Ca
2+
-buffering capacity or another molecular 
step in the regulatory mechanism between the two cellular activity states remains 
to be determined. A functional consequence of the stronger Ca
2+
-dependent 
inactivation in white-adapted melanotropes might be a reduced Ca
2+
 influx during 
action potential firing. This would attenuate intracellular Ca
2+
-activated processes 
eventually leading to reduced secretory activity. We therefore propose that Ca
2+
-
dependent regulation of L-type Ca
2+
 channels plays a role during cellular plasticity 
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as seen in the Xenopus melanotropes of animals adapted to different external 
conditions, such as background illumination and, possibly, ambient temperature.  
The present study furthermore shows that the ICa current density is smaller in 
white-adapted melanotropes than in black-adapted ones. To check whether this 
reduction is Ca
2+
 dependent, the current density of IBa was measured. The IBa 
current density is larger in black- than in white-adapted cells, which means that the 
difference in ICa current density between the two cellular activity states does not 
depend on Ca
2+
 but is related to the cellular activity state. Possible mechanisms 
underlying the difference in ICa current density are a lower Ca
2+
 channel density 
and/or lower Ca
2+
 channel conductances. We speculate that this mechanism is 
under environmental control but does not depend on Ca
2+
. 
Black- and white-adapted Xenopus melanotrope cells differ greatly in cell size: 
using membrane capacitance as measure for cell size (Blalock et al., 1999; 
Cahalan and Neher, 1992) white-adapted cells have an about 70 % smaller surface 
area than black-adapted cells. Previous studies (Corstens et al., 2005; de Rijk et al., 
1990) have shown that in vivo black-adapted Xenopus melanotropes are much 
larger and more active than white-adapted cells, indicating that melanotrope cell 
size is related to the level of biosynthesis and secretion. The present finding that 
melanotropes differ in cell size also in vitro, indicates that they have retained their 
difference in secretory activity and that the results obtained are relevant for the in 
vivo situation as well. 
Finally, a peculiar observation was made, in that LVA ICa as seen in white-
adapted Xenopus melanotropes is absent from black-adapted cells. The question 
arises as to the function of LVA ICa in the inactive, white-adapted melanotrope. LVA 
ICa is not seen in melanotropes of the green frog Rana ridibunda (Belmeguenai et 
al., 2002; Soriani et al., 1999; Valentijn et al., 1993). In rat thalamic neurons, the 
LVA ICa is generally involved in maintaining the membrane potential and 
determining the mode of bursting action potential firing (Destexhe et al., 1998; 
Perez-Reyes, 2003; Pouille et al., 2000). The LVA ICa of rat melanotropes has been 
suggested to be involved in the control of the spontaneous discharge pattern 
(Williams et al., 1989, 1990) and to contribute to exocytosis (Mansvelder and Kits, 
2000a). Apparently, the plasticity of LVA ICa in Xenopus melanotropes is correlated 
with state of background adaptation, but a function in hormone secretion is unlikely 
for Xenopus white-adapted melanotropes, which secrete hormones at an only low 
rate (Berghs et al., 1998; Roubos and Berghs, 1993; Roubos, 1997).  
In conclusion, the present study shows that the ICa and, especially, the L-type 
current, and possibly a LVA current are involved in melanotrope-controlled 
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background adaptation of Xenopus laevis. Investigating differences in the 
molecular components involved in the Ca
2+
-dependent regulation of the ICa might 
increase further our understanding of the mechanism of melanotrope cell 
functioning. 
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Introduction 
 
The brain governs the organism’s development, survival and decline. It does 
so by, basically, receiving external signals from the environment and internal 
signals about the organism’s condition, integrating these data with other incoming 
or stored data, and then transforming the integrated information into an output that 
controls the activity of its targets, such as muscles and glands. During recent 
decades much has become known about the identity of the incoming inputs, brain 
centres involved, and the way neuronal outputs control targets cells. However, the 
mechanisms underlying integration at the neuronal level are largely obscure. They 
involve a multitude of neurochemical first messengers and their plasma membrane 
receptors, some families of ion channels, and a few second messenger pathways, 
but the way many incoming neurochemical messengers control a second 
messenger system to evoke an unambiguous output, is poorly understood. With 
the research in this thesis a contribution has been made to elucidating such 
mechanisms of integration, studying how the melanotrope neuroendocrine cell in 
the pars intermedia of our animal model of choice, the South African clawed toad 
Xenopus laevis, integrates a variety of inputs at the level of ion channels, ultimately 
enabling the animal to adapt itself adequately to its continuously changing 
environment. 
 
 
Ca
2+
 channel expression and regulation in melanotropes of black-adapted 
Xenopus 
 
Voltage-operated Ca
2+
 channels (VOCC) mediate Ca
2+
 influx in excitable cells, 
leading to an increase in the intracellular Ca
2+
 concentration during action 
potentials (Catterall, 2000; Dolphin, 1998). Rat and frog melanotrope cells possess 
multiple VOCC (Belmeguenai et al., 2002, 2003; Ciranna et al., 1996; Keja et al., 
1991; Keja and Kits, 1994; Mansvelder et al., 1996; Mansvelder and Kits, 2000a; 
Valentijn et al., 1993) and a previous pharmacological study showed N- and L-type 
HVA Ca
2+
 currents (ICa) in black-adapted Xenopus melanotrope cells (Scheenen et 
al., 1994b). The present extensive pharmacological characterization of Xenopus 
melanotrope Ca
2+
 channels demonstrates that black-adapted melanotrope cells 
possess all four types of HVA Ca
2+
 channels (L, N, P/Q and R), but no LVA Ca
2+
 
channels (Chapter 2). These results are consistent with those obtained from frog 
melanotropes, in which also only HVA Ca
2+
 channels but no LVA Ca
2+
 channels 
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have been shown (Belmeguenai et al., 2002, 2003; Valentijn et al., 1993). Of 
special interest is the presence of the R-type Ca
2+
 channel in Xenopus 
melanotropes, since it is the first time this channel type is demonstrated in 
melanotrope cells of an amphibian. R-type Ca
2+
 currents in Xenopus melanotropes 
show fast activation and inactivation kinetics, which makes them likely candidates 
to contribute significantly to Ca
2+
 influx during spontaneous action potentials that 
generate Ca
2
 oscillations. Indeed, blocking R-type Ca
2+
 channels inhibits Ca
2+
 
oscillations, demonstrating that Ca
2+
 influx through this channel is necessary for 
the generation of Ca
2+
 steps and oscillations. Since Ca
2+
 oscillations are the driving 
force for peptide hormone secretion, we propose that, apart from the N-type Ca
2+
 
channels (Scheenen et al., 1994b,c) also R-type Ca
2+
 channels are important for 
secretion. Blocking L-type or P/Q-type Ca
2+
 channels has no effect on spontaneous 
Ca
2+
 oscillations. Therefore Ca
2+
 influx through these channels does not seem to 
be involved in hormone secretion (see also Scheenen et al., 1994b). Final 
confirmation of this assumption awaits secretion studies in which the effect of the 
R-type Ca
2+
 channel blocker is tested.  
NPY Y1, dopamine (DA) D2 and GABAB receptors are Gi-protein coupled 
receptors that inhibit Xenopus melanotropes (GiPCRs; Jenks et al., 1991; 
Kongsamut et al., 1991; Shibuya and Douglas, 1993c). These receptors induce 
inhibitions with different strengths: DA and especially NPY cause strong and long-
lasting inhibition, but baclofen only shows a weak and short-lasting inhibitory effect 
(Leenders et al., 1993; Lieste et al., 1996; Scheenen et al., 1994a, 1995; Verburg-
van Kemenade et al., 1986a, 1987a). In Chapters 3 and 4 the effects of Y1-, D2- 
and GABAB-receptor activations on Ca
2+
 currents of black-adapted Xenopus 
melanotropes are investigated. All three GiPCRs inhibit R-type Ca
2+
 currents 
through Gβ/γ subunits. This result indicates that inhibition of R-type currents is very 
important when the melanotrope cell needs to be inhibited: even in the case of 
weak, easily reversible GABAB-induced inhibition, R-type Ca
2+
 currents are already 
inhibited. The results in Chapters 3 and 4 also show that D2 and Y1 receptor 
activations inhibit N-type Ca
2+
 currents. These inhibitions are through different 
signaling pathways, which, however, have not been identified yet. Possible 
candidates are the Gα-cAMP-PKA and Gα-cAMP-PKC pathways, respectively, 
since phosphorylation of the α1 channel subunit increases channel open probability 
(Bean et al., 1984; Kamp and Hell, 2000; Mitterdorfer et al., 1996; Yue et al., 1990). 
Activation of a Giα will reduce channel phosphorylation and therefore the 
probability that the channel is open. Future research will have to focus on the 
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phosphorylation of the channels, using for example phosphorylation-specific 
antibodies and Western blot experiments.  
 
 
 
 
 
 
Figure 1. The regulation of voltage-operated Ca2+ channels in black-adapted 
Xenopus melanotropes. Grey arrows present intracellular pathways which were 
known through previous research. Black arrows present the pathways that have 
been demonstrated by this thesis. Dashed lines represent unclear mechanisms, 
whereas solid lines represent the mechanisms which have been demonstrated. L, 
N, P/Q and R represent different types of HVA Ca2+ channel respectively. D2, Y1 
and GABAB are receptors for DA, NPY and GABA respectively. Gβ/γ indicates G-
protein β/γ subunits. 
 
 
 
It is remarkable that the GiPCRs present at the melanotrope plasma 
membrane only affect R- and N-type Ca
2+
 channels and not L- and P/Q-type 
channels. The fact that the weakest inhibition, by the Gi-protein-coupled GABAB 
receptor, only affects R-type Ca
2+
 channels, whereas the strong inhibitions by D2 
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and Y1 receptors also inhibit N-type channels, suggests that inhibition of the N-type 
channel is only necessary when the melanotrope cell needs to be inhibited either 
very strongly or for a long period of time. 
Taken together, the results in Chapter 3 and 4 indicate that N- and especially 
R-type Ca
2+
 channels are crucial for the inhibitory regulation of Xenopus 
melanotrope cell activity. Figure 1 summarizes these findings in a model. The 
results differ from those found in rat and Rana melanotropes: in rat, Ca
2+
 channels 
couple with equal efficiency to secretion and in frog, in addition to N-type channels, 
not R- but L-type Ca
2+
 channels are involved in regulation of melanotrope cell 
activity (Belmeguenai et al., 2002; Mansvelder and Kits, 2000a). This difference 
suggests that species-specific regulations of different classes of Ca
2+
 channel may 
take place to ensure an optimal Ca
2+
 influx during changed physiological conditions 
typical for the species involved.  
 
 
Synergy of stimulators on Xenopus melanotropes 
 
Previous studies have revealed that activation of D2-, Y1- and GABAB-
receptors inhibits intracellular cAMP production in Xenopus melanotropes (de 
Koning et al., 1992; Jenks et al., 1991). Elevating [cAMP]i as well as activation of 
CRH receptors, which leads to increased cAMP production (de Koning et al., 1992; 
Jenks et al., 1991), reverses the GABAB-induced inhibition but not the D2-induced 
inhibition of spontaneous Ca
2+
 oscillations in these cells (Lieste et al., 1996). The 
results in Chapter 5 demonstrate that another secreto-stimulator, TRH, which 
affects a cAMP-independent pathway (Lieste et al., 2002), also can not reverse D2-
induced inhibition of the Ca
2+
 oscillations. In contrast, the D2-induced inhibition of 
Ca
2+
 oscillations was reversed by simultaneous activation of TRH and CRH 
receptors. Physiologically, it can be expected that different secreto-stimulators are 
co-released at the same time during certain situations, e.g. during adaptation to 
simultaneously changing background illumination and temperature (Kolk et al., 
2002; Tonosaki et al., 2004). Interestingly, simultaneous activation of TRH and 
CRH receptors did not reverse D2-induced inhibition of N-type and R-type Ca
2+
 
currents. It can therefore be concluded that the combined treatment with TRH and 
sauvagine is also ineffective in reversing D2-inhibition of peptide hormone secretion. 
Indeed, our secretion studies confirm that simultaneous activation of TRH and CRH 
receptors cannot reverse D2-induced inhibition of secretion. These results reveal 
that melanotrope cells from black-adapted Xenopus are capable of generating 
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intracellular Ca
2+
 oscillations that are independent of Ca
2+
 influx through N- or R-
type Ca
2+
 channels. Since melanotropes from black-adapted animals only express 
HVA Ca
2+
 currents, Ca
2+
 influx during these oscillations must occur through L- 
and/or P/Q-type Ca
2+
 channels. TRH is suggested to directly activate ion channels 
(Lieste et al., 2002) and sauvagine attenuates K
+
 currents (Cornelisse et al., 2002) 
in Xenopus melanotropes. We therefore hypothesize that the combination of TRH 
and sauvagine depolarizes the cell to such an extent that action currents reappear 
and L-type and/or P/Q-type channels open. The exact mechanism of action current 
generation during this combined messenger treatment awaits further elucidation. 
Furthermore, our studies reveal that synergistic reversal of D2-inhibition at the level 
of Ca
2+
 oscillations is not reflected in peptide hormone secretion, indicating that the 
vesicle fusion during secretion occurs in the close neighborhood of N- and R-type 
Ca
2+
 channels. Such colocalization or coupling efficacy has been described for 
nerve terminals (Fisher and Bourque, 2001; Wu et al., 1999;) and neuroendocrine 
cells (Bokvist et al., 1995; Elhamdani et al., 1998; Gromada et al., 1997; Lomax et 
al., 1997; Wiser et al., 1999). 
  
 
Differences in Ca
2+
 currents between black- and white-adapted melanotropes 
 
Black-adapted Xenopus melanotropes are active and show different 
morphological characteristics when compared to inactive white-adapted 
melanotropes (de Rijk et al., 1990b; Dotman et al., 1998; Jenks and Verburg-van 
Kemenade, 1988; Jenks et al., 1993a; Loh et al., 1985; Maruthainar et al., 1992; 
Roubos et al., 1993; Vaudry et al., 1998; Wilson and Morgan, 1979). In Chapter 6 
studies are described on the role of Ca
2+
-dependent regulation of ICa by comparing 
active versus inactive melanotropes. The results show that Ca
2+
-dependent 
regulation of L-type ICa is stronger in white-adapted melanotropes than in black 
ones, indicating that this aspect of regulation of ICa depends on background 
adaptation. Since L-type channels have the strongest Ca
2+
-dependent regulation, 
they substantially contribute to the Ca
2+
-dependent inactivation of the total ICa, 
although we cannot exclude that the Ca
2+
-dependent inactivation of other VOCC is 
changed during background adaptation. Therefore, the strong Ca
2+
-dependent 
inactivation in white-adapted melanotropes might reduce Ca
2+
 influx during action 
potentials, and consequently decrease intracellular Ca
2+
-dependent activities, such 
as POMC gene expression and αMSH secretion.  
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Another striking difference between active and inactive melanotropes is the 
presence of LVA Ca
2+
 currents in (inactive) white-adapted melanotropes, whereas 
they are absent from (active) black-adapted melanotropes. The role of the LVA 
Ca
2+
 current in Xenopus melanotropes remains to be determined. One possibility is 
that LVA VOCC are important in setting the resting membrane potential in inactive 
melanotropes, similar to the situation in other neuronal cells (Destexhe et al., 1998; 
Huguenard, 1996; Perez-Reyes, 2003; Pouille et al., 2000). As the secretory 
activity of white-adapted Xenopus melanotropes is very low, the presence of LVA 
ICa is not likely to contribute much to the regulation of secretion, unlike the situation 
in rat melanotropes (Mansvelder and Kits, 2000a). The cell physiological role of 
LVA ICa and the regulation of the different expressions of POMC in Xenopus 
melanotropes from different background light conditions are currently under 
investigation.  
 
 
Conclusion and future prospects 
 
 The experiments described in this thesis on the integration of multiple 
regulatory inputs by the Xenopus melanotrope cell have revealed some important 
new features of this neuroendocrine cell that allow a better understanding of the 
regulation of Ca
2+
-dependent processes in excitable cells in general. Especially the 
presence of R-type Ca
2+
 channels together with the strong and conserved 
regulation by GiPCR on this channel, demonstrate the importance of this channel 
for secretory cells. Furthermore, the synergy between two stimulatory receptors to 
reverse part of the D2-inhibition shows that during physiological adaptation to 
background illumination and/or to other environmental challenges like a 
temperature drop, complex interplays may take place between multiple stimulatory 
and inhibitory factors, of which the cell physiological outcome cannot be easily 
predicted.  
The studies have also opened a number of new questions that should be 
addressed in future studies. These questions have been already discussed in the 
previous sections and are summarized here:  
1) Definitive proof of the involvement of R-type Ca
2+
 channels in peptide 
hormone secretion awaits secretion studies using the R-type channel blocker SNX-
482;  
2) Proof needs to be obtained for the regulation of phosphorylation of N-type 
Ca
2+
 channels though PKA and/or PKC and its inhibition by dopamine and NPY;  
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3) The mechanism that induces Ca
2+
 oscillations that are independent of Ca
2+
 
influx through R- and N-type Ca
2+
 channels needs to be elaborated. Initial focus 
should be placed on a possible involvement of L- and P/Q-type Ca
2+
 channels; and  
4) The discovery of activity-state dependent expression of LVA Ca
2+
 currents 
awaits future elucidation with respect to a possible role of these channels in the 
regulation of the activity of neuroendocrine melanotrope cells during adaptation of 
the animal to environmental challenges. 
Besides providing the bases for future research lines listed above, the findings 
in this thesis have given more clues on how multiple neurochemical first 
messengers and their receptors control Ca
2+
 channels and second messenger 
systems. By studying the melanotrope neuroendocrine cells in the pars intermedia 
of the South African toad Xenopus laevis, the present thesis has provided new 
knowledge and better understanding of the mechanisms underlying integration of 
complex external information by neuroendocrine cells.  
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Summary 
 
The brain permanently receives a multitude of environmental and internal data 
about the organism’s condition, integrates these data, and generates an output that 
controls the activity of its targets. The mechanisms underlying this integration at the 
neuronal level involve a large number of neurochemical first messengers and their 
plasma membrane receptors, some families of ion channels, and a few second 
messenger pathways. However, the way by which multiple incoming 
neurochemical messengers control second messenger systems to evoke an 
unambiguous neuronal output is poorly understood. The research described in this 
thesis aimed to contribute to elucidating such mechanisms of integration. For this 
purpose, melanotrope neuroendocrine cells in the pars intermedia of the pituitary 
gland of the South African clawed toad Xenopus laevis were studied. These cells 
provide an attractive model system since they integrate a variety of inputs at the 
level of ion cannels, ultimately changing the hormonal output of the cells, thereby 
enabling the animal to adapt itself adequately to its continuously changing 
environment. 
In the research Ca
2+
 channels of Xenopus melanotrope cells have been 
characterized (chapter 2) and their regulation by D2-, GABAB- and NPY-Y-1 Gi-
protein-coupled receptors (GiPCRs) has been investigated (chapters 3, 4). Synergy 
between stimulatory receptors to reverse inhibition by the D2-GiPCR has been 
studied for Ca
2+
 channels, Ca
2+
 oscillations and Ca
2+
-dependent secretory events 
(chapter 5). The relationship between Ca
2+
-dependent regulation of Ca
2+
 channels 
and background adaptation has been examined in melanotropes derived from 
black- versus white-adapted animals (chapter 6). In short, these studies reveal the 
following new aspects of Xenopus melanotropes and their integrating capacities: 
1) Black-adapted melanotropes express all classes of high-voltage activated 
(HVA) Ca
2+
 channels, namely the L, N, P/Q and R types, but no low-voltage-
activated (LVA) Ca
2+
 channels.  
2) The N-type and R-type channels are involved in the generation of 
spontaneous intracellular Ca
2+
 oscillations. 
3) The three GiPCRs inhibit the R-type Ca
2+
 currents through Gβ/γ subunits. 
4) Activation of the DA-D2 and the NPY-Y1 receptor inhibit the N-type Ca
2+
 
current through another, as yet unidentified mechanism. These receptors inhibit 
this calcium current with similar strength as they inhibit αMSH secretion: GABAB 
receptors cause a short, easily reversible inhibition and D2 and Y1 receptors evoke 
a strong and long lasting inhibition. 
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5) Synergy between the two stimulatory neuropeptides TRH and sauvagine 
reverses D2-receptor-induced inhibition of spontaneous Ca
2+
 oscillations and action 
current firing, whereas the individual stimulatory peptides are ineffective. The 
combination of TRH and sauvagine cannot reverse the D2-receptor-induced 
inhibition of the R- and N-type Ca
2+
 currents, and as a result also do not reverse 
the inhibition of hormone secretion. The results also indicate that the Xenopus 
melanotrope can generate Ca
2+
 oscillations that are independent of Ca
2+
 influx 
through R- and N-type Ca
2+
 channels. 
6) Ca
2+
-dependent regulation of Ca
2+
 currents is correlated with adaptation to 
background light intensity: in melanotropes from white-adapted toads, Ca
2+
-
dependent regulation of L-type Ca
2+
 channels is more dominant than in black-
adapted melanotropes. 
7) In contrast to black-adapted melanotropes, white-adapted melanotropes 
express LVA Ca
2+
 channels.  
 
Based on the results described in this thesis, a number of interesting 
questions have arisen that await future research. 
1) Are R-type Ca
2+
 channels involved in peptide hormone secretion? This 
question can be answered by secretion studies using the R-type channel blocker 
SNX-482; 
2) Are N-type Ca
2+
 channels in the Xenopus melanotrope cell phosphorylated 
through PKA and/or PKC, and is this phosphorylation inhibited by dopamine and 
NPY? Elaborating on the phosphorylation state would involve Western blot analysis 
using specific antibodies to phosphorylated and unphosphorylated Ca
2+
 channels; 
3) What mechanism induces Ca
2+
 oscillations that are independent of Ca
2+
 
influx through R- and N-type Ca
2+
 channels? Initial focus may be placed on a 
possible involvement of L- and P/Q-type Ca
2+
 channels, using their specific 
blockers, nifedipine and ω-agatoxin IVA, respectively; 
4) What is the function of LVA Ca
2+
 currents that are expressed in an activity 
state-dependent manner? This question can be approached in many ways, which 
should include testing of a possible role of these channels in the regulation of the 
activity of neuroendocrine melanotrope cells during adaptation of the animal to 
different environmental challenges. For instance: what happens to the expression 
of LVA Ca
2+
 currents in the melanotrope cell when the environmental temperature 
is drastically reduced? 
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In conclusion, the experiments described in this thesis have revealed some 
important features of the melanotrope cell and have increased our understanding 
of the regulation of Ca
2+
-dependent processes in excitable cells in general. The 
experimental outcome has also provided new knowledge and better understanding 
of the mechanisms underlying integration of complex external information by 
neuroendocrine cells. Most importantly, the strong and conserved regulation of R-
type Ca
2+
 channels by GiPCR demonstrates the importance of this channel for 
secretory cells. Furthermore, during physiological adaptation to background 
illumination and/or to other environmental challenges, complex interplays may take 
place between multiple stimulatory and inhibitory factors, expression of different 
membrane channels and activation of specific intracellular signaling pathways. This 
thesis research has generated a number of interesting new hypotheses that may 
further elucidate these fundamental aspects of integrative neuronal information 
processing. 
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Samenvatting 
 
De hersenen ontvangen continu een grote hoeveelheid interne en externe 
informatie over de situatie van het organisme, integreren deze informatie, en 
genereren een output die de activiteit van de doelwitten van de hersenen bepaalt. 
Op neuronaal niveau omvatten de mechanismen die aan deze integratie ten 
grondslag liggen een groot aantal neurochemische eerste boodschapperstoffen en 
hun plasmamembraan-receptoren, een aantal families van ionkanalen en enkele 
signaaltransductiepaden. De manier waarop meerdere inkomende 
neurochemische signaalstoffen een signaaltransductiesysteem aansturen om een 
eenduidige neuronale output te bewerkstelligen, was nog slecht bekend. Het 
onderzoek dat in dit proefschrift is beschreven, was bedoeld om bij te dragen aan 
de opheldering van deze integratiemechanismen. Hiervoor zijn melanotrope 
neuroendocriene cellen in de pars intermedia van de hypofyse van de 
Zuidafrikaanse klauwpad Xenopus laevis bestudeerd. Deze cellen bieden een 
aantrekkelijk onderzoeksysteem omdat ze verschillende inputs op het niveau van 
ionkanalen integreren, hetgeen uiteindelijk leidt tot een verandering in hun 
hormonale output, waardoor het dier zich adequaat aan zijn voortdurend 
veranderende omgeving aan kan passen. 
In dit onderzoek zijn de Ca
2+
-kanalen van melanotrope cellen van Xenopus 
gekarakteriseerd (hoofdstuk 2), en is hun regulatie door aan Gi-eiwit-gekoppelde 
D2-, GABAB- en NPY-Y1 receptoren (GiPCRs) gekarakteriseerd (hoofdstukken 3 en 
4). De synergie tussen stimulatoire receptoren die ervoor zorgt dat de inhibitie van 
D2-GiPCR om kan keren, is bestudeerd op de niveaus van Ca
2+
-kanalen, Ca
2+
-
oscillaties en Ca
2+
-afhankelijke secretieprocessen (hoofdstuk 5). De relatie tussen 
Ca
2+
-afhankelijke regulatie van Ca
2+
 kanalen en achtergrondlichtadaptatie is 
onderzocht in melanotropen die afkomstig waren van dieren wier huidskleur aan 
een zwarte of aan een witte ondergrond was aangepast (hoofdstuk 6). Tezamen 
onthullen de studies de volgende nieuwe aspecten van melanotrope cellen van 
Xenopus en hun vermogen tot integratie: 
1) Zwart-geadapteerde melanotrope cellen brengen alle klassen van door 
hoog-voltage-geactiveerde (HVA) Ca
2+
-kanalen tot expressie, namelijk L-, N-, P/Q- 
en R-type kanalen, maar geen door laag-voltage-geactiveerde (LVA) Ca
2+
-kanalen. 
2) De N-type en R-type kanalen zijn betrokken bij de generatie van spontane 
intracellulaire Ca
2+
-oscillaties. 
3) De drie GiPCRs remmen de R-type Ca
2+
-stromen via hun Gβ/γ subunits. 
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4) Activatie van de DA-D2 en de NPY-Y1 receptoren inhibeert de N-type Ca
2+
-
stroom via een ander, nog onbekend mechanisme. Deze receptoren inhiberen 
deze calciumstroom met een vergelijkbare sterkte als waarmee ze de αMSH-
secretie inhiberen: GABAB-receptoren zorgen voor een korte, eenvoudig om te 
draaien inhibitie, en D2- en Y1-receptoren veroorzaken een sterke en langdurige 
inhibitie. 
5) Synergie tussen de twee stimulatoire neuropeptiden TRH en sauvagine 
leidt tot een omkering van de remming die geïnduceerd wordt door de D2-receptor, 
van spontane Ca
2+
 oscillaties en “action current firing”, terwijl deze stimulatoire 
peptiden afzonderlijk geen effect hebben. De combinatie van TRH en sauvagine is 
niet in staat om de door de D2 receptor veroorzaakte inhibitie van de R- en N-type 
Ca
2+
-stromen om te keren, en daarom wordt ook de inhibitie van hormoonsecretie 
niet omgekeerd. De resultaten suggereren ook dat de Xenopus melanotropen 
Ca
2+
-oscillaties kunnen generen die onafhankelijk zijn van Ca
2+
-influx door R- en 
N-type Ca
2+
-kanalen. 
6) Ca
2+
-afhankelijke regulatie van Ca
2+
-stromen is gecorreleerd met de 
adaptatie van huidskleur aan de lichtintensiteit van de achtergrond: in 
melanotropen van wit-geadapteerde padden is de Ca
2+
-afhankelijke regulatie van 
L-type Ca
2+
-kanalen veel sterker dan in zwart-geadapteerde melanotropen. 
7) In tegenstelling tot zwart-geadapteerde melanotropen brengen wit-
geadapteerde melanotropen LVA Ca
2+
-kanalen tot expressie. 
 
De resultaten die beschreven zijn in dit proefschrift roepen een aantal 
interessante vragen op die verder onderzoek behoeven. 
1) Zijn R-type Ca
2+
-kanalen betrokken bij peptidehormoonsecretie? Deze 
vraag kan beantwoord worden door secretiestudies waarbij de R-type 
kanaalblokker SNX-482 wordt gebruikt; 
2) Worden N-type Ca
2+
 kanalen in de melanotrope cel van Xenopus 
gefosforyleerd via PKA en/of PKC en wordt deze fosforylering geïnhibeerd door 
dopamine en NPY? Verder onderzoek naar de fosforyleringstoestand kan worden 
verricht door Westernblot analyse met specifieke antilichamen voor gefosforyleerde 
en ongefosforyleerde Ca
2+
-kanaaleiwitten. 
3) Welk mechanisme induceert Ca
2+
-oscillaties die afhankelijk zijn van Ca
2+
-
influx door R- en N-type Ca
2+
-kanalen? De aandacht kan vooral gericht worden op 
een mogelijke rol van L- en P/Q-type Ca
2+
-kanalen, met gebruik making van hun 
specifieke blokkers, respectievelijk nifedipine en ω-agatoxine IVA. 
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4) Wat is de functie van de LVA Ca
2+
-stromen die activiteitsafhankelijk 
voorkomen? Deze vraag kan op vele manieren benaderd worden waarbij een 
mogelijke rol van deze kanalen in de regulatie van de activiteit van 
neuroendocriene melanotrope cellen tijdens de adaptatie van het dier aan 
verschillende omgevingsfactoren om speciale aandacht vraagt. Bijvoorbeeld: wat 
gebeurt er met de LVA Ca
2+
-stromen in de melanotrope cel wanneer de 
omgevingstemperatuur drastisch wordt verlaagd? 
 
Er kan worden geconcludeerd dat de experimenten die beschreven staan in 
dit proefschrift een aantal belangrijke kenmerken van de melanotrope cel hebben 
onthuld en ons begrip van de regulatie van Ca
2+
-afhankelijke processen in 
exciteerbare cellen in het algemeen hebben vergroot. De resultaten van de 
experimenten hebben ook gezorgd voor nieuwe kennis en een beter begrip van de 
onderliggende mechanismen van integratie van complexe externe informatie door 
neuroendocriene cellen. Ook toont de sterke en geconserveerde regulatie van het 
R-type Ca
2+
-kanaal door GiCPRs het belang aan van dit kanaal voor secretorische 
cellen.  Het blijkt dus dat er tijdens fysiologische adaptatie aan de 
belichtingstoestand van de achtergrond c.q. aan andere veranderingen in de 
omgeving, een complex samenspel optreedt tussen meerdere stimulerende en 
remmende factoren, waarbij verschillende ionkanalen tot expressie komen en 
meerdere specifieke intracellulaire signaaltransductiepaden worden geactiveerd. 
Ten aanzien van deze processen heeft dit onderzoek nieuwe interessante 
hypothesen opgeleverd die kunnen bijdragen tot verdere opheldering van de 
fundamentele aspecten van integratieve neuronale informatieverwerking. 
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总   结 
 
大脑能持续接受来自外部环境和肌体内部的复杂信息，加工整合后产生对靶器
官活动的控制。这种在神经水平上的整合机制包含了大量的神经化学第一信使系统
以及它们的膜受体，不同的离子通道和一些第二信使系统的共同作用。但是，目前
对于多种传入的神经化学信息如何控制第二信使系统以产生明确的传出神经信号所
知甚少。本论文集中的研究工作致力于阐明该整合机制。以此为目的，本工作选择
非洲爪蟾垂体中间叶的神经内分泌细胞－促黑素细胞激素细胞，作为研究对象。此
类细胞提供了一个很好的模型系统， 这是因为它们在离子通道水平整合传入信息，
并最终调节激素的分泌，从而可使爪蟾针对环境变化做出适当的颜色改变。 
本工作首先阐明了非洲爪蟾促黑素细胞激素细胞的钙离子通道的特征（第二
章），以及 D2-, GABAB- 和 NPY-Y1 Gi 蛋白偶联受体 (GiPCRs)对它们的调节（第
三、四章）；其次探讨了兴奋性受体之间通过协同作用，翻转 D2-GiPCRs 对钙离子
通道、钙振荡和钙依赖性分泌活动的抑制作用 （第五章）。随后通过对比黑、白背
景适应的非洲爪蟾促黑素细胞激素细胞，阐述了钙离子通道的钙依赖性调节和背景
适应之间的关系（第六章）。这些研究揭示了非洲爪蟾促黑素细胞激素细胞及其整
合能力的一些新特征，总结如下： 
1）黑背景适应的促黑素细胞激素细胞拥有全部高电压激活性（HVA）钙离子通
道，即 L，N，P/Q和 R型，但不具有低电压激活性（LVA）钙离子通道。 
2）N型和 R型通道参与自发性细胞内钙振荡的产生。 
3）三种 GiPCRs抑制 R型钙离子通道均通过 Gβ/γ亚基。 
4）激活多巴胺 D2和 神经肽 Y1受体可通过另一非 Gβ/γ亚基的未知机制抑制 N 
型钙离子通道。这些受体以不同的强度抑制钙离子流，类似于它们对αMSH 分泌活
动的不同抑制强度：激活 GABAB受体引起短暂的，可以轻易被反转的抑制，而激活
D2和 Y1受体则引起长时间的强烈抑制作用。 
5）兴奋性神经肽 TRH和 sauvagine通过协同作用可反转 D2受体对自发性钙振
荡和动作电流的抑制作用，但单一的兴奋性神经肽却不具备此作用。TRH 和
sauvagine的组合无法反转 D2受体对 R型和 N型钙离子流的抑制作用，因而也不能
反转其对激素分泌的抑制作用。本研究还揭示了爪蟾促黑素细胞激素细胞可以产生
不依赖 R型和 N型钙离子流的钙振荡。 
6）钙离子流的钙依赖性调节与背景光强度适应相关：对于白背景适应动物的促
黑素细胞激素细胞，L-型钙通道的钙依赖性调节强于黑背景适应的动物。 
7）与黑背景适应的动物不同，白背景适应动物的促黑素细胞激素细胞具有
LVA钙通道。 
 
以本研究为基础，产生了一系列有趣的问题以待研究。 
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1）R-型钙通道参与激素分泌吗？通过在分泌实验中应用 R-型钙通道阻断剂
SNX-482，应可以回答该问题； 
2）爪蟾促黑素细胞激素细胞的 N-型钙通道是通过 PKA 及/或 PKC 被磷酸化的
吗？此磷酸化作用可被多巴胺和 NPY 抑制吗？为解答这一磷酸化状态的问题，可考
虑应用针对磷酸化和非磷酸化钙通道的特异性抗体，使用Western blot分析技术； 
3）引起不依赖于 R-和 N-型钙通道的钙振荡的机制是什么？对这一问题的初步
探讨可以通过分别应用特异性 L-和 P/Q-型钙通道阻断剂 nifedipine 和ω-agatoxin 
IVA，研究 L-和 P/Q-型钙通道是否参与该机制； 
4）LVA 钙通道的表达是依赖于细胞的活动状态的，这一特性有何功能？这个
问题可以用多种方法来解答，其中包括测试在爪蟾适应不同环境改变时，这些通道
对调节神经内分泌促黑素细胞激素细胞的可能作用。例如：当环境温度大幅降低
时，促黑素细胞激素细胞 LVA钙通道的表达会发生什么变化？ 
 
综上所述，本论文集中的研究工作揭示了爪蟾促黑素细胞激素细胞的一些重要
特征，并使我们在总体上对兴奋性细胞中钙依赖性细胞活动的调节有了更深入的理
解。此外，实验结果还给出了关于神经内分泌细胞对复杂外界信息整合机制的更
新、更好的阐释。最重要的是，GiPCR 对 R-型钙通道的强烈而集中的调节作用证明
了这种通道对分泌细胞的重要性。此外，在对背景光和/或其他环境改变的生理性适
应中，多种兴奋性和抑制性因子，不同膜通道的表达以及细胞内特定信号传递系统
的激活之间存在复杂的相互作用。本研究工作引出了很多有趣的新假设，对这些假
设的研究将进一步阐明神经信息整合过程的基础。 
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